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I.1.1 Automotive history 
 
According to French study on walk activity practiced in France since 1800 (Grübber and 
Nakicemovic, 1991), means of transportation such as car and bus have surged since 1900 
compared to walk activity. Figure I.1 illustrates the evolution of the walk distance 
accomplished by French citizen per day since 1800 and compares it to other means of 
transportation like train, motorcycle, and plane. Y-axis describes the mean distance per day 
and X-axis plots the time. The graphic depicts a rapid slow down of the walk activity in 
benefit to car as a mean of transportation. Plane, motorcycle, train inverted a little bit the trend 
after world war II but not enough to last more than a decade. 
 
Figure I.1: Evolution of the walk distance per person and per day in France since 1800 
according to Grübber and Nakicenovic translated from [PIN 2012]. 
 
The car dominance in our daily life has tremendously changed our habits and makes towns 
always closer. Unfortunately, the perpetual innovations in automotive industry have settled 
new challenge for instance, environment, climate change, fuel reduction. More recently, the 
economic crisis has pushed the car industry to drastically reduce the weight and to increase 
the car efficiency. 
The car from 1936 (Figure I.2a) still has four wheels as today but the design and the 





























a) b)  
Figure I.2: a) Rolls-Royce-Phantom from 1936, b) Audi R8 from 2006. 
 
I.1.2 Production and development of new materials 
 
Since 1980, auto manufacturers are challenged to improve safety, fuel consumption and 
weight reduction. Advanced High-Strength Steels (AHSS) tremendously help carmakers to 
meet requirements for safety, fuel efficiency, exhaust gas pollution, manufacturability, 
durability, environment politics and quality at a low cost [TAM 2011]. 
According to steelmakers such as AK Steel, ArcelorMittal Steel, Baosteel, Essar Steel 
Algoma Inc., Tata Steel Europe, United States Steel, voestalpine Stahl GmbH, AHSS are the 
actual generation of steel grade that provides extreme high-strength while maintaining a high 
formability. 
Figure I.3 represents a graphic of the AHSS grades. In details, the Y-axis plots the elongation 
in percent whereas the X-axis plots the tensile strength. It shows the particular combinations 
of material and mechanical properties in a banana form. Most of the materials result from a 
controlled heating and cooling processes. 
The most challenging task for engineers is to choose the material with the right combination 
of strength, ductility, toughness, and fatigue properties. The graphic also depicts a wide range 
of AHSS such as Transformation Induced Plasticity (TRIP), Ferritic-Bainitic (FB), Complex 
Phase (CP), Martensitic (MART), High-Strength Low-Alloy (HSLA) and the widely used 
Dual Phase (DP) steels. The present research is only focusing on same grades of DP steels 
providing various properties. DP steels can have a high elongation and low tensile strength or 
combine low elongation and high tensile strength. These characterisations underline the 
importance of ranking with special care the DP grades before using them to meet key criteria 
such as crash performance, stiffness and most important forming requirements. 





Figure I.3: Strength-Elongation curve for low strength, conventional HSS and first generation 
AHSS steels [WAG 2006]. 
 
According to Advanced High Strength Steel Workshop held in 2006 [WAG 2006] and more 
recently steel market development institute study on AHSS [TAM 2011], the future AHSS 
applications in automotive is rapidly growing. Steelmakers are studying them to better 
understand their potentialities and limitations and others are more focused on improving the 
technology necessary for manufacturing parts made of these steels. Nowadays, steel and car 
makers are combining their effort by developing multiple joints research to put the next 
generation of safer, cheaper, fuel efficiency and environmentally friendly vehicles on the 
road. 
 
I.I.3 Dual-Phase in automotive industry 
 
As already mentioned, the selected DP steels in the present study are the widely advanced 
high-strength steels used in the automotive industry. A literature survey [ZÜR 2005], [WAG 
2006], [WIE 2006], [AHM 2011], [LAN 2011], [MAT 2012], [PIN 2012], [PAR 2012] 
confirms that, DP steels usually consist of a ferrite matrix containing a hard martensite second 
phase in the form of islands. Increasing the volume fraction of hard second phases generally 
increases the strength. DP steels are obtained by controlled cooling from the austenite phase 
(in hot-rolled products) or from the two-phase ferrite plus austenite phase, to transform some 
austenite to ferrite before a rapid cooling transforms the remaining austenite to martensite. 
According to [PAR 2012], roll forming, as a metal fabricating process, is used to add both 
strength and rigidity to manufactured DP steels. Figure I.4 illustrates the application of 
various DP steels in automotive industry such as bumper beam, A-frame reinforcement, roof 
bow, B-pillar reinforcement, rear side member, front floor cross member, floor side 
reinforcement, front side members and Body-in-White (BIW) structural parts. 





Figure I.4: Automotive industry applications of the DP steels in automotive industry [PIN 
2012]. 
 
The soft ferrite phase is generally continuous, giving these steels outstanding ductility. The 
influence of the volume fraction and the shape of the martensite have been widely 
investigated by numerous authors such as Huang et al. [HUA 1989], Sarwar et al. [SAR 1996] 
and Bello et al. [BEL 2007]. According to these contributors, the growth of the volume 
fraction of martensite around 55% results in increased yield point, tensile strength and impact 
strength of DP steels. At higher volume fraction of martensite values a decrease of the 
strength properties is detected. 
I.2 Objectives of the thesis 
 
DP steels modelling has been since 1980 a huge interest for car and steel makers. The control 
of their mechanical properties depends on their formability characteristic which influences the 
manufacturing quality. Regarding the constant increasing complexity of the technology 
employed to reach the industrial requirements, the needs of experiment and analytical models 
are lead by the development of numerical simulations. This technology, born forty years ago 
is in constant improvement years after years thanks to powerful computers and broad research 
on the Finite Element method and on constitutive laws based on phenomenological or multi-
scale approaches. Nowadays, the accuracy of the simulations results is gaining credibility 
compared to the experimental test. The numerical simulation reduces dozen of experiments, 
time framework and manufacturing costs. On top of that, an accurate simulation needs 
realistic boundary conditions, good sketch of the sample and tooling geometries and the most 
important a reliable material behaviour model. 
Regarding the last requirement, the needs for ArcelorMittal is to predict with good accuracy 
the rupture in forming processes taking into account the edge effects, the residual stress, the 




material and mechanical anisotropy. Therefore a study has been carried out in 2008 by a joint 
research composed of MS²F Argenco (Liège, Belgium) and ArcelorMittal-Maizières 
(Maizières-Lès-Metz, France) targeting the development of a formability criterion for deep 
drawing, rolling, bending etc... As a result of this research study conducted by Ben Bettaieb 
for 2 years, an extended Gurson-Tvergaad-Needleman (GTN) model [BEN 2010] has been 
proposed for ductile failure. The study included a literature review and state of the art of 
formability criteria [BEN 2011], the development of a 3D advanced GTN Formability 
criterion (damage modelling) [BEN 2012] implemented in the finite element code Lagamine 
[ZHU 1992]. The Gurson-Tvergaard-Needleman-Ben-Bettaieb model (GTNB) takes into 
account the void nucleation. It allows for the accurate modelling of the observations of 
damage initiation and growth in DP steels measured by high-resolution X-ray absorption 
tomography [BOU 2008]. The numerical implementation used an explicit-implicit algorithm. 
It is explicit for the porosity state variables and implicit for other variables (macroscopic 
plastic strain and the yield stress of the dense matrix, backstress, equivalent plastic strain). 
This choice, justified by the complexity of the porosity function and dependency of the other 
variables, requires small time steps to avoid any convergence problem during the 
computation. 
The success of the GTNB model application on smooth specimen motivates the joint research 
to stretch the model out and to implement it into a commercial finite element code used by 
ArcelorMittal, through a three years PhD work. At the starting point of the present research, 
further X-ray tomography measurements have been investigated by Landron et al. [LAN 
2011] on in situ tensile notched specimens made of DP steels. The experiments revealed a 
strong dependency between the density of voids, the back stress, and the triaxiality for these 
grades. Motivated by these new experimental observations and the industrial needs, the 
extension of the GTNB model has been developed in cooperation with four research teams 
(ArcelorMittal-Maizières, INSA-Lyon, ENSAM ParisTech-Metz and University of Liège) 
[FAN 2013]. 
 
The main goal of this work is to correlate the experimental results on notched samples and the 
model predictions for better understanding of the DP steel ductile fracture. To attempt this 
aim, the GTNB model has been adapted as "User-defined Material model subroutine" 
(VUMAT) in the Abaqus/explicit FE code [ABA 2011]. The model has been enriched by 
adding a coalescence model, a recent void nucleation and growth laws integrating the back 
stress variable [LAN 2011] and a fracture initiation criterion. These enhancements have been 
done based on high resolution X-ray tomography observations and measurements. In order to 
accurately correlate the finite element predictions with the experiments, a precise post-
processing method has been developed taking into account identical results extraction 
between experiments and simulations. The numerical void volume fraction definition is the 
same as the one used in the test related to the number of cavities and their size in a fixed 
volume. Along with the attempt of integrating the back stress variable in the new nucleation 
law, a discussion has been opened regarding the triaxiality definition. 
The second objective is to be able to rank the DP steel grades chosen in this study. Finally, the 
experimental validation is being further extended to other sample geometries in flat sheet 
steels, as well as industrial application such as cross-die drawing test. 






The aim of the second chapter is to give a general presentation of the Dual-Phase (DP) steels. 
It will show typical DP steels microstructures, mechanical properties and formability 
characteristics. 
The third chapter presents how the mechanical behaviour of DP steels can be predicted by 
plasticity, damage or fracture modelling. 
The experiments carried out on in-situ tensile notched axisymmetric specimens of DP steels 
[LAN 2011] revealed a strong dependency between the density of voids, the back stress, and 
the triaxiality. 
The fourth chapter summarizes the contributions brought to the damage and fracture modeling 
during this thesis. These contributions are based on the recent experimental results of [LAN 
2011] on in-situ tensile notched axisymmetric specimens of DP steels, and the one-
dimensional metallurgical models inferred therein. These contributions concern the void 
nucleation and void growth law, the coalescence model and an additional fracture initiation 
criterion, which were extended to the 3D incremental case and integrated in the proposed 
model (further called GTNBF).  
The parameter identification of the whole set of parameters of the GTNBF model for three DP 
steels is described in chapter five. Chapter six deals with the finite element implementation of 
proposed model in the commercial code Abaqus/Explicit. The implementation follows the 
path previously adopted by Ben Bettaieb [BEN 2012] in the finite element code Lagamine. 
The proposed implementation remains compatible with the two finite element codes, with the 
Abaqus routine “VUMAT” being used as an interface. The developed algorithm and code is 
numerically validated. 
The potentialities and limitations of the model are contained in Chapter seven where the 
material parameters sensitivity is carefully checked. In front of that, the post processing and 
the element size influence on the current model are carried out. 
Chapter eight illustrates the industrial applications of the GTNBF model. Finally, the 
conclusions are summarized in chapter nine along with some potential future work.  
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The aim of the current chapter is to give a general presentation of the Dual-Phase (DP) steels. 
The first part presents the typical properties of DP steels: microstructures, mechanical 
properties and formability characteristics. The second part of the chapter focuses on the 
experimental damage tests realized to evaluate the void evolution in DP steels, and gives more 
details of the DP steels studied. 
II.1 Description of DP steels 
 
II.1.1 Microstructures 
Dual Phase steels belong to the larger category of Advanced High Strength Steels (AHSS) 
used by automakers. They provide an outstanding combination of strength and ductility as a 
result of their microstructure, in which hard islands of Martensitic phase (α') are dispersed in a 
soft Ferritic matrix (α) as shown in Figure II.1. 
 
 
Figure II.1: SEM micrographs of a typical DP steel's microstructure showing (a) ferrite (α) -
matrix along with banded islands of martensite (α'), (b) sub-structure within (α') phase, and 
(c) and (d) TEM bright-field images taken at two tilt angles illustrating (α') phase and α 
matrix [BAL 2011]. 
 
 
According to Landron et al. [LAN 2010-2011], Tamarelli et al. [TAM 2011], and Tsipouridis 




et al. [TSI 2006], the DP steels microstructure is manufactured by intercritical heat treatment 
[SHA 2009] of an initial ferrite/pearlite (α +Fe3C) microstructure followed by an accelerated 
cooling as shown in Figure II.2. During the heating, the austenitic phase γ appears for a 
temperature θ > A1. The amount of austenite, being later the amount of martensite, is ruled by 
the temperature level estimated between A1 and A3. The final quenching allows the 
transformation γ → α to take place, leading to the final microstructure of the DP steel. 
 
Figure II.2: Heat treatment to obtain a DP microstructure: (a) schematic Fe-C diagram, (b) 
applied heat treatment [LAN 2011]. 
Although the structure of the DP steel contains ferrite and martensite, sometime a small 
amount of residual austenite may appear after the heat treatment. This residual microstructure 
could have an effect by modifying the mechanical properties. The presence of austenite phase 
reduces the martensite volume fraction and affects its distribution after the heat treatment. 
Experimental literature [SCH 2010], [KRE 2010], [NIA 2012] describes that the variation of 
the martensite quantity and the microstructural features of the martensite distribution affect 
the macroscopic behaviour of the DP steel. Referring to Tamarelli et al. [TAM 2011] 
observations, the ferrite is continuous for many grades up to DP780 steel, but as volume 
fraction of martensite exceed 50 percent (as might be found in DP980 steel or higher 
strengths), the ferrite may become discontinuous. 
 
In addition to the presence of this residual phase, the DP steels can contain negligible 
quantities of inclusion particles or voids generated during the production of the material (cold 
or hot-rolling procedures [TSI 2006] ) or after the forming process of the DP steel blank. 
II.1.2 Mechanical properties 
 
The variety of microstructures and especially the volume fraction of martensite reveal a large 
multitude group of tensile strength levels. Table II.1 summarizes the product property 
requirements for various types of DP steels. It also underlines the effect of strain and bake 
hardening (locking dislocation by solute Carbone) [MAR 1982] [CAI 1985] [SUH 1997] 
[BAG 1999] [ERD 2002] [KAW 2003] [MAZ 2007] [AVR 2009]. 
 
 




Table II.1: Dual Phase steels and their mechanical property requirement according to 
ArcelorMittal standard tensile test for DP steel less than 3mm thick. 
 
As mentioned in section 0, there is a strong link between the tensile strength or the elongation 
and the fraction of martensite contained in the material. Figure II.3 presents the variation of 
the mechanical properties in function of the volume fraction of martensite for the DP580 steel 
(Fe0.09, C1.9, Mn0.1, Si0.3, Cr0.15, Mo). The tensile strength increases gradually when the 
fraction of martensite rises. In contrast, the elongation decreases when increasing the fraction 
of martensite [ALL 2012]. 
 
Figure II.3: Mechanical properties in function of the volume fraction of martensite. Rm is the 




























FF280DP 300-380 ≥490 ≥25 Transversal 
DP450 280-340 450-530 ≥27 Transversal 
DP500 300-380 500-600 ≥25 Longitudinal 
DP600 330-410 600-700 ≥21 Longitudinal 
DP780 Y450 450-550 780-900 ≥15 Longitudinal 
DP780 Y500 500-600 780-900 ≥13 Longitudinal 
DP980 Y700 700-850 980-1100 ≥8 Longitudinal 
DP1180 900-1100 ≥1180 ≥5 Longitudinal 




II.I.3 Formability characteristics 
 
The Dual-Phase steels present an excellent candidate for the car body structural components. 
These are often produced for safety-critical parts (see Figure II.4) which maintain passenger 
surviving space in crash events. The DP steels present a good balance of strength, formability, 
energy absorption and durability. Also the employability of this kind of steel provides the 
possibility of reducing the weight of the vehicle. 
DP is sometimes selected for visible body parts and closures, such as doors, hoods, front and 
rear rails. Other well known applications include: beams and cross members; rocker, sill, and 




Figure II.4: DP steels used for safety-critical body parts (General Motors, [BUI 2011]). 
 
However, the excellent structural properties of this AHSS group are limited by the fracture 
phenomena. Fractures are different from ordinary steel and depend strongly on the DP steel 
grades used. The Figure II.5 below shows a shear fracture, an edge cracking and a crack 
during a hole expansion test. Numerous factors can affect the outstanding DP properties such 
as number of forming stages, tool geometry for each stage, boundary constraints, lubrication 
conditions, material variability and eventually the product changes [KEE 2009]. 





Figure II.5: Fracture type in automotive part for DP steel in different solicitations [MAT 
2012]. 
Another crucial cause (not studied in this document) for the fabrication of inconsistent sheet 
metal part is springback i.e. the elastic strain recovery in the DP steel after the tooling is 
removed. Springback of sheet metal parts after forming causes deviation from the designed 
target shape and produces downstream quality problems and assembly difficulties as seen in 
Figure II.6. 
 
a)  b)  
Figure II.6: a) Springback of DP600 channel draw, b) Elastic strain recovery after the tooling 
is removed called Springback phenomenon [WAG 2006]. 
Figure II.7 provides an example of the well know Forming Limits Diagrams (FLD) used to 
quantify formability and allows the steel and automotive makers to reduce the costs of 
designing tools and to shorten the time-to-market cycle. It gathers the published curves 
measured by different research groups (ArcelorMittal, Ramazani et al. [RAM 2012], 
Uthaisangsuk et al. [UTH 2008-2009]. 





Figure II.7: Forming Limit Diagrams (FLD) with experimental points from different research 
team for DP600 steel. 
II.2 Experimental Damage Investigation of DP steels 
 
II.2.1 Experimental techniques to study fracture 
 
Although the DP steel is a good compromise between strength and ductility its formability is 
limited by mechanical fracture. The investigation of fracture has been a challenging task for 
engineers and researchers since a century [MAL 1846], [HAL 1953], [RAS 1976], [RAM 
1979]. Ductile and Brittle fracture of metals have been predicted with high or low accuracy in 
many cases [TAS 2009-2010], [XUE 2012]. Since the early fracture investigations [Rice & 
Tracey 1969, Gurson 1977, Tvergaad 1984], etc..., it is well known that the ductile failure has 
four steps; void nucleation, void growth, void coalescence and propagation of a macroscopic 
crack. The understanding of these stages to optimize the damage models needs an accurate 
quantitative damage observations and measurements. 
In his thesis, Weck [WEC 2007] summarizes the different techniques available to extract 
quantitative and qualitative damage parameters and crucial information. Table II.2 shows 
direct and indirect, two-and three-dimensional methods. Some of them are destructive such as 
fractography, polishing, serial sectioning, while the rest are non-destructive. 
The current work is focused on exploiting 3D X-ray tomography coupled with the in-situ 
mechanical testing approach. The data resulting from this technique consumes a lot of time of 
preparation, and few results are publicly available [KAD 2011], [RAM 2012]. The work of 
Landron et al. [LAN 2011] using this new 3D approach is the experimental physical base of 
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Table II.2: Experimental techniques available to study ductile fracture [WEC 2007]. 
 
II.2.2 X-ray tomography principle 
 
The technique of X-Ray tomography started in the end of the 80's in the medical field by 
improving the detection of brain and breast cancer tumor. This was available by using 2D 
radiographies. In the middle of the 90's the X-ray tomography was adapted and found its 
respective place in materials science to analyze debris from plane and cars crashes for the 
insurance companies. Since 2000 the method has become an efficient investigation tool for 
various materials. 
The principle of X-ray tomography used by Landron and co-workers shown in Figure II.8 is 
composed of X-ray beam, the sample to analyze, the camera and the projections acquisition. 
The object to characterize rotates about a single axis while a series of 2D X-ray absorption 
images is recorded. Using mathematical principles of tomography, this series of images is 
reconstructed to produce a 3D digital image where each voxel (volume element or 3D pixel) 
represents the X-ray absorption at that point. 
Technique Advantages Disadvantages 
Fractography Easy 
2D 
No sub-surface information 
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Full 3D reconstruction 
High resolution 
Non destructive 
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Can follow deformation in-situ 
Expensive, time consuming 
on analysis 
Ultrasound  3D Averaged information 
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Figure II.8: X-Ray tomography principle [LAN 2011]. 
 
II.2.3 In-situ tensile tests 
 
Due to the fact that the X-ray tomography is a non destructive test as mentioned previously, 
this technique has been coupled with an in-situ tensile test as seen in Figure II.9(a). One 
specimen is pulled for a given deformation. The specimen presented in Figure II.9(b) is 
unloaded. The tensile device is placed on the beam line. During imaging, the deformation is 
stopped but maintained constant. 
Landron also performed a so called in-situ continuous test. It is the same procedure as the 
previous one but with no interruption of the deformation during the tensile test. This 
characterization requires a small scan time to have clear images of the reconstructed volume 
(as shown in Figure II.9(c)). The displacement speed of the tensile device is between 1µm/s 
and 5µm/s and the reconstructed volume is equal to 0.3×0.3×0.3mm³. 
 
a) b) c)  
Figure II.9: Experimental test setting. (a) In-situ X-ray experimental device with 1-mm 
notched sample [LAN 2011], (b) the specimen design, (c) Studied spatial volume for the 
porosity measurement at the center of the specimen, of dimensions 0.3×0.3×0.3mm³. 




II.3 Selected DP steels grades 
 
In this study, three Dual-Phases microstructures have been chosen. All three named DPI, DPII 
and DPIII come from ArcelorMittal steels research and development center. The chemical 
composition of the selected steels is given in Table II.3. 
 







The micrography of the DPI microstructure is presented in the Figure II.10a. Light gray is the 
Ferrite phase and dark gray shows the islands of martensite. This grade contains a volume 
fraction of martensite equal to 11% on a rolled 2.5-mm thick sheet. The micrography of the 
DPII microstructure is presented in Figure II.10b. This grade contains a volume fraction of 
martensite equal to 5% on a rolled 1.5-mm thick sheet. The micrography of the DPIII 
microstructure is presented in Figure II.10c. This grade contains a volume fraction of 
martensite equal to 12% on a rolled 1.5-mm thick sheet. 
a)   b) 
 c) 
Figure II.10: Optical micrographs; light gray is ferrite matrix (α),dark gray is  islands of 
martensite phase (α') a) DPI steel [LAN 2011], b) DPII steel and c) DPIII steel (ArcelorMittal 
source [ARC 2012]). 
20 µm
20 µm
Material name C Mn Si Cr 
DPI 0.08 0.8 0.23 0.68 
DPII 0.076 1.439 0.351 0.204 
DPIII 0.081 1.955 0.158 0.102 





Table II.4 presents the DP steels mechanical properties used in this study. It shows the 
heterogeneity of this category of AHSS in terms of stress, microstructure, and formability. DP 
steels with the same volume fraction of martensite for instance DPI and DPII have different 
material behaviour only by changing the sheet thickness or the cooling process. Indeed, DP 
steels can be hot or cold rolled formed (HR or CR). If hot-rolled, cooling is carefully 
controlled to produce the Ferritic-Martensitic structure from austenite. If continuously 
annealed or hot-dipped, the final structure is produced from a dual phase Ferritic-Austenitic 
structure that is rapidly cooled to transform some of the austenite to martensite [ARC 2012]. 
Krebs et al. [KRE 2010] observations on DP steel accurately shows that the hot and cold 
rolling processing conditions generate 'banded structures' i.e., irregular, parallel and 
alternating bands of ferrite and martensite, which are detrimental to mechanical properties and 
especially for in-use properties. Already mentioned, it is known the volume fraction of 
martensite has an influence on the mechanical properties. Although, DPII and DPIII have the 
same cooling process and sheet thickness, they have different mechanical properties. The 
Yield stress and the ultimate tensile stress rise by increasing significantly the volume fraction 
of martensite (α') appearing in the structure as seen in Figure II.10. 
 
Table II.4: Studied Dual Phase steels and their mechanical property requirement according to 
ArcelorMittal standard tensile test. 
 
 
In addition to Figure II.10 and Table II.4, Figure II.11 shows the tensile stress-plastic strain 
curves of the three DP steels grades used in the study. One can easily understand the strong 
difference in term of tensile stress behavior in function of strain for various range of volume 
fraction of martensite. DPI and DPII have a good balance of strength, formability, energy 
absorption and durability while DPIII has a high strength and a weaker formability 
characteristic. Apart of this, the effect of the hard Martensitic islands is important but the role 
of the soft Ferrite in the final DP material is not negligible. Ferrite matrix is exceptionally 
ductile and absorbs strain around the Martensitic islands, enabling uniform elongation with 
high work hardening rate. 
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Figure II.11: Stress-strain curves for the 3 DP steel grades (ArcelorMittal data base). 
 
The 3 studied DP steels are often used for deep drawing body-parts (DPII and DPIII), and 
safety‐critical parts (maintaining a passenger survival space in crash event, DPIII) in 
automotive industry. 
The current part explains the choice of the studied DP steels. At first, DPI has been retained in 
this numerical investigation for many raisons. First and foremost, the steel has been already 
used during the previous joint research gathering the X-ray tomography measurements 
launched by Bouaziz et al. [BOU 2008] and the numerical investigations of Ben Bettaieb et al. 
[BEN 2011]. In addition, the same steel composition has been employed again by Landron et 
al. [LAN 2011] for further X-ray tomography experiments. The present numerical study is a 
good opportunity to compare more easily the potentialities and limitations of Landron and 
Bouaziz void nucleation predictions. The second raison of choosing DPI steel is regarding the 
anisotropy sensitivity. Generally, the DP steel is less sensitive to the anisotropy effect than 
other AHSS, however it has been observed that the DPI steel flow during the deep-drawing 
process is also affected by the blank sheet anisotropy [PAD 2007]. According to the author, 
Anisotropy in blank sheets is usually the result of a large deformation during initial 
processing operations such a rolling, extrusion. This anisotropy prevalent in the pre-processed 
sheet segment influences subsequent deformation, such as deep-drawing. It dictates the shape 
of the yield surface and strongly affects the strain distributions obtained during sheet metal 
forming [MOR 2000]. The two other steels, especially DPII, have less anisotropy effect by 
using appropriate combination of rolling direction orientation to significantly improve the 
strength and the formability. 
The DPII and DPIII steels have been selected because they are commonly selected as 








































performance and protect the passenger by absorbing the low and high-speed vehicle 
deformation over a specific distance. Beyond the safety requirement, DPI and DPIII steels 
give the opportunity to compare the plasticity and the damage mechanisms provided by the 
hot and cold rolled forming process. 
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The previous chapter presented the DP steels as the coexistence of hard islands of Martensitic 
phase dispersed in a soft Ferritic matrix. This microstructure provides a good combination of 
strength and ductility. The mechanical behaviour until failure has been studied for more than 
four decades. Nowadays, the ductile failure mechanism is well known and divided in three 
steps before fracture: void nucleation, void growth, and void coalescence. 
Chapter III describes the different proposals that the scientific community has developed to 
model the mechanical behavior of metals such as elasto-plastic damage constitutive laws as 
well as rupture criteria. Of course as often as possible, examples will be dedicated to DP 
steels.  
 
Many researchers have contributed to give a proper microscopic approach. Habraken [HAB 
2004] presents general features of crystal plasticity models and homogenization techniques to 
reach macroscopic scale while [KAD 2011], [VAJ 2012], [CHO 2013] are studying 
specifically DP models at microscopic or macroscopic scales. Very often macro scale is the 
world of phenomenological approaches which can however have roots within micro scale. 
The mechanical behaviour of DP steels can be modeled, based on elasto-plastic theory 
including both scales. 
 
The phenomenological approach of elasto-plastic behaviour will be used within this thesis. It 
can mainly be defined by three different assumptions: a yield function, a hardening model and 
a plastic flow rule. 
The first hypothesis is described by an initial yield surface defined in stress space. This 
function also called plastic yield criterion is a mathematical description of the initial yield 
surface. It can be isotropic (von Mises [MIS 1928], Tresca [TRE 1868]) or anisotropic (Hill48 
[HIL 1948], Barlat [BAR 2004]).The second hypothesis known as hardening model 
describes the evolution of the shape, the size and the position of the yield surface during the 
deformation. It is mainly divided in two categories: isotropic and kinematic hardening. The 
isotropic hardening models the expansion of the yield surface with no shape distortion while 
the kinematic hardening also called anisotropic hardening computes the yield surface 
displacement in the stress space. Shape distortion is only seldom addressed with 
phenomenological models. 
The third hypothesis called the flow rule defines the relation between the plastic strain rate 
tensor and the stress tensor. A plasticity model is called associative, if the yield function is 
considered as a plastic potential and its derivative provides the strain rate direction. 
 
In the microscopic approach, not studied within this thesis, the global macroscopic stress and 
strain tensors are calculated relying on a numerical simulation of each particle or grain of the 
DP steels [KAD 2011], [VAJ 2012], [CHO 2013]. This approach physically describes the 
heterogeneity of plastic strain contained in the material. However, it requires a huge quantity 
of data storage and CPU time. Both approaches are complementary, the microscopic approach 
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allows understanding the mechanical plastic deformation and validating the 
phenomenological approach. 
 
Section III.2 presents how the mechanical behaviour of DP steels can be predicted with the 
plasticity theory. Attention will be devoted to explain the isotropic and anisotropic yield 
functions as well as the hardening models. Section III.3 describes the coupled damage 
modeling concept where mechanical behavior is affected by the damage growth due to 
loading. The specific case of DP steels will be investigated. Within this section, both ductile 
damage mechanisms and some damage models are unveiled. Preceding the conclusion, the 
last section is dedicated to the fracture criteria or uncoupled damage approach applied on the 
DP steels. 
 
III.2 Plasticity modeling 
III.2.1 Yield functions 
 
The Dual-Phase steel deforms elastically. During a monotonic loading it suddenly yields. In 
the plastic strain domain, the flow stress first increases due to hardening then eventually, it 
may soften due to damage. In numerous mechanical books [LEM 1988], [HOS 2005], [ROE 
2006], the yield function defines the transition between elastic and plastic behaviour under 
complex stress states. According to Lemaitre and Chaboche [LEM 1988], the first scientific 
work on plasticity modeling began in 1868 with Tresca work on the maximum shear stress 
criterion [TRE 1868]. 
The goal of this section is to define the yield function with its associative normality rule. It 
briefly summarizes the most commonly isotropic and anisotropic yield functions that can be 
used to model the plastic behaviour of the DP steels. 
III.2.1.1  Yield function and the associative normality rule 
 
The yield surface or plastic yield criterion defined in the stress space as seen Figure III.1, 
models the elastic limit and the beginning of the plastic flow. It is written as: 
 
      ,      0p eqv y pF F      (III.1) 
 
Where  eqv  is the equivalent stress and y  is the material flow stress. On one hand, when 
 eqv   is smaller than y   0pF  , the deformation is purely elastic. 
On the other hand when  eqv   is equal to y   0pF  , the border is reached and the DP 
steel starts to plastically deform. 
At initial state and before hardening function takes place, the yield surface is written as 
following: 
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   0 0p eqvF       (III.2) 
 
0  is a scalar called the initial elastic limit of the material in uniaxial tensile. A general 




C   (III.3) 
 
Where   is the macroscopic Cauchy stress tensor and eC is the elastic stiffness tensor (chosen 
isotropic and linear). 
In metal forming, the elastic strain tensor contribution 
e
  is a very small part compared to the 
total macroscopic strain tensor . Equation ((III.4) indicates additive the decomposition of the 
total strain, used in non linear FE code in its strain rate form: 
 
    and  
e p e p




  describes the plastic strain tensor contribution. 
 
Figure III.1: Yield surface in principal deviatoric stress space [ROE 2006]. 
 
The second hypothesis of the phenomenological approach describes the normality rule which 
is the relation between the plastic strain rate tensor and the stress tensor. The approach is 
named the associated plasticity models, if the yield function is considered as plastic potential. 
Non associative plasticity models are characterized by other rule than Equation (III.5). It is 
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Where  is the plastic multiplier.  
 
Figure III.2 shows that there are dozens of yield functions or plastic criteria usable for DP 
steels in metal forming processes, generally split in two families: the isotropic (von Mises, 
Tresca…) and the anisotropic (Hill, Barlat…) yield functions. 
 
 
Figure III.2: Historical overview of different yield criteria [LIE 2009]. 
 
III.2.1.2 Isotropic yield functions 
The isotropic yield functions must not depend on the orientation of the load. The yield 
function 
pF  is based on the deviatoric stress tensor invariants. Figure III.2 shows an overview 
of the most used isotropic yield criteria. 
 
The von Mises yield criterion 
 
The von Mises criterion [MIS 1928], known as the maximum distortion energy criterion, 
octahedral shear stress theory, or Maxwell-Huber-Hencky-von Mises theory, states that the 
plasticity is isotropic. The equation for the von Mises yield function is: 
 
    3 :
2
p eqv y yF      
 
     (III.6) 
 





 with I second order unit tensor. 
 
Consequently, the corresponding equivalent plastic strain rate 
p
eqv  can be given by the 
explicit expression: 
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  2 :
3
p pp
eqv    (III.7) 
 
If one couples the normality law (Equation (III.5)) and the von Mises yield function (Equation 
(III.6)), one can check that the plastic strain rate is a tensor normal to the yield surface in the 
space of stress, which is also coaxial to the Cauchy stress tensor   ( see Figure III.3), 
n
p p
  . 
 
Figure III.3: Representation of associative normality law with the von Mises criterion. 
 
The most important benefit of the von Mises law is its simplicity. Since the direction of the 
plastic rate is coaxial to the Cauchy stress, numerical resolution can be reduced to only one 
nonlinear equation (with unknown
p
eqv ). In the anisotropic case, a system of six scalar 
equations will have to be solved as this coaxiality property is not anymore applicable. 
 
The number of material parameters to be included in the model is quite restrained ( E  Young's 
modulus,   Poisson coefficient, and parameters for the isotropic hardening law). A simple 
uniaxial tensile test or a shear test is sufficient to identify all the parameters. 
 
Although the von Mises criterion is very valuable for isotropic plasticity, it has notable 
limitations. Since the plastic anisotropy is not taken into account, the isotropic criteria have 
been extended by many authors, the Hill'48 [HIL 1948] criterion being the most famous one 
(Figure III.2). 
III.2.1.3 Anisotropic yield functions 
 
Isotropic yield functions previously described are not able to accurately predict alone the 
mechanical DP steels behaviour in function of the rolling direction orientation, therefore the 
next section presents the most commonly used anisotropic yield functions. 
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The HILL'48 quadratic yield criterion 
 
Hill's criterion is the first and simplest one able to take into account the plastic anisotropy. 
Steel manufacturers clearly know that no matter how the quality of steel sheet is, anisotropy 
appears along the forming processes (deep drawing, rolling, drawing folding, bending etc...). 
It means that there is a strong relation between the forming direction and the plastic 
deformation. 
 
The plasticity in Hill's criterion is anisotropic and incompressible. The von Mises yield 
function is modified so that the anisotropic phenomenon can be embodied (Equation (III.8)) 
while remaining simple: 
 
    1 : :
2
p y yF H     
 
     (III.8) 
 
Where H  is the fourth order Hill matrix (or anisotropic material tensor depending on the 
material) defined for instance as a function of Lankford coefficients 90450 ,, rrr . These scalars 
are a ratio between the width and the thickness strains corresponding to the rolling direction 
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For simple approaches, one chooses constant (average value) of Lankford coefficients and 
keeps a constant shape to the Hill criterion, however more complex versions could take into 
account true experimental observation with variable Lankford coefficients. Constant values 
are used during this study. 
Figure III.4 clearly underlines the difference between the von Mises and Hill criterion at plane 
strain tension for DPIII steel anisotropic plastic material. It is also to notice that 
conventionally, the Hill and von Mises criteria coincide at uniaxial tension. 




Figure III.4: Hill'48 vs. von Mises criterion for DPIII steel [LUO 2010]. 
Contrary to von Mises criterion the normal Hilln is not any more coaxial (Figure III.5) with 
the Cauchy stress tensor . 
 
 
Figure III.5: Representation of associative normality law in Hill criterion. 
 
The Hill criterion is suitable for anisotropic plastic material. It is simple to use and implement 
in numerous finite element codes. 
 
Other anisotropic yield criteria 
 
Figure III.2 shows numerous extensions of Hill anisotropic yield criterion such as Hill'79 
[HIL 1979], along with non-quadratic criteria developed by Hosford [HOS 1979], Barlat et al. 
[BAR 1979], Hu [HU 2007]. Many other researchers proposed more accurate anisotropy 
predictions such as [KAR 1993], [DAR 2003], [BRO 2004], [BAN 2005], [CAZ 2006]. In 
those publications, the anisotropic yield function is introduced by means of a linear stress 
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transformation. These approaches show a simple development of convex formulations leading 
to stable numerical simulations. 
Figure III.6 displays some anisotropic shapes of yield criteria such as Hill, Barlat compared to 
the von Mises isotropic yield criterion. 
a)  b)  
Figure III.6: a) Comparison of shapes of yield surfaces at small and large strain levels [KUR 
2000], b) Comparison of two anisotropic yield surfaces and isotropic von Mises yield 
surfaces, each normalized with respect to its own equivalent stress for steel [TUG 2001]. 
III.2.2 Hardening functions 
 
Isotropic hardening functions 
 
Although most DP steels present a strong Bauschinger effect, isotropic hardening functions 
are used because of their simplicity and good prediction in radial loading [KIM 2006] [TAS 
2009-2010] [SCH 2010] [SOD 2012]. In isotropic hardening, the yield surface expands 
symmetrically, monotonously and proportionally with respect to the initial yield surface. It is 
governed by a single scalar state variable: for instance, the cumulated plastic strain. The yield 
criterion is written as following: 
 
   , 0pp y eqvF     . (III.11) 
 
with the initial condition 
 
   00py eqv pR      (III.12) 
 
Figure III.7 sketches the evolution of the yield surface in the stress space and in tensile -
compression for the isotropic hardening modeling. 
 




Figure III.7: Isotropic hardening model showing the expansion of the yield surface with 
plastic strain and resulting stress–strain curve in tension-compression. 
Figure III.8: gives a historical overview of the most popular isotropic hardening laws. The 
oldest contribution was published by Ludwig [LUD 1909] in 1909 and was modified by 
Hollomon [HOL 1945] in 1945. Other developments were established by Voce [VOC 1948], 
Swift [SWI 1952] and Hockett and Sherby [HOC 1975]. 
 
Figure III.8 :Historical overview of different isotropic hardening criterions [LIE 2009]. 
The most commonly used isotropic work hardening constitutive equations are briefly 
presented to describe the elasto-plastic behavior of DP steels. These equations are defined in 
one-dimension and usually applied for a large number of materials. 
 
Ludwig law 





y eqvK     (III.13) 
 




























eqvK  . (III.14) 
 
This relationship gives, in the case of a monotonic uniaxial loading, the material flow stress. 
The main parameter is the work hardening exponent n . 
 
Swift law 




y K     (III.15) 
 
where K, n, 0  are material parameters   strain. 
 
Voce law 










    (III.16) 
 
where 0 , b,  sat  are material constant parameters. 
 
Figure III.9 shows the comparison of  classical isotropic hardening equations identified on 
uniaxial tensile test for a DPI-1.4-mm flat sheet steel. It can be noted that at low strain these 
isotropic hardening models are similar. Unfortunately, they begin to diverge with the 
experiment data (bulge tests) at 0.15 of strain. The limit of these simple mathematical 
equations is underlined at large strains. The fitting becomes more difficult and needs 
improvement. 




Figure III.9: Stress-strain curves of experimental uniaxial tensile test and its analytical 
isotropic hardening models for DPI steel (ArcelorMittal data base). 
 
The stress gap calculated between the experiment and the isotropic hardening laws at large 
strain are often minimized by combining them (e.g., Voce and Swift). 
 
Kinematic hardening models 
 
During sheet-forming process of DP steels, non-proportional strain paths frequently occur, 
even during single step processes (e.g., bending-unbending over a die radius). In such 
circumstances, complex stress-strain behavior  is observed that cannot be described by  
isotropic hardening models (see Figure III.10). 
 
Many authors such as Prager [PRA ,1956,1958], Ziegler [ZIE 1959], and Chaboche et al. 
[LEM 1988]  have contributed to the modeling of this complex transient behaviour including 
Bauschinger effect, permanent softening, and work-hardening stagnation. These phenomena 
are illustrated in Figure III.10a by a generalized tensile-compression curve and in Figure 
III.10b by a specific example for DP590-1.4mm flat sheet steel.  
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a) b)  
Figure III.10: a) Generalized schematic view of Bauschinger, transient and permanent 
softening behaviors during reverse loading [CHU 2012], b) Monotonic and reverse 
compression-tension (C-T) test experimental curves that illustrate the three characteristic 
regions of reverse hardening for a 1.4mm flat sheet DP590 steel [SUN 2013]. 
 
The Bauschinger effect is a premature re-yielding of the material during reverse loading. The 
transient hardening is a smooth, elastic-plastic transition with very rapid change of the work-
hardening rate. The permanent softening is known as stress offset. Since the isotropic 
hardening with its assumptions is not able to take into consideration these effects, kinematic 
hardening laws have been introduced especially for unloading and cyclic loading. 
There are two approaches. The first one based on the shifting of one single yield surface has 
been proposed by Prager and Ziegler to describe the Bauschinger effect. Armstrong-Frederick 
[ARM 1966] and Chaboche [CHA 1986] included another term to Prager's kinematic 
hardening model in order to take into account the transient behavior. The second approach is 
characterized by implementing multiple yield surfaces [MRO 1967]. 
 
Classical kinematic work hardening equations were used to describe the behavior of a DP 
steels by [TAH 2009] [MOR 2010] [KAD 2011] [VLA 2010] [MUR 2011] [CHU 2012] 
[VAJ 2012] [SUN 2013]. 
 
Kinematic hardening with von Mises yield surface 
 
The kinematic hardening is associated to the usual yield surfaces it preserves their shape and 
size, but translates in the stress space (Figure III.11). The von Mises yield function including 
a kinematic hardening model can be expressed by: 
 
      3, , :
2
p y eqv y yF X X X      
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where X  is the back-stress tensor defining the shift of the center of the elastic domain. it is a 
tensorial hardening variable. 
 
Figure III.11 : Kinematic hardening and von Mises surface representation. 
Prager law 
 




kX H   (III.18) 
 
where the rate of the back-stress is proportional to the plastic strain rate. The proportionality 




Armstrong-Frederick (1966) is a nonlinear kinematic hardening law. It improves the Prager's 
kinematic law by adding a term proportional to the current back-stress multiplied by the 
equivalent plastic strain rate. The evolution of the back-stress is expressed by  
 
  2 :
3
p p p
x satX C S X  
  




where ,x satC S  are constant material parameters. 
 
Mixed hardening functions 
 
Recent developments relative to the elasto-plastic modeling of a DP steel show that rather 
than using purely isotropic or purely kinematic hardening laws, it is generally better to 























Figure III.12 : a) Isotropic hardening model showing the expansion of the yield surface with 
plastic strain; b) kinematic hardening model showing the translation of the yield surface with 
plastic strain; c) mixed isotropic–kinematic hardening model showing the expansion and 
translation of the yield surface with plastic strain; and d) resulting stress–strain curves 
showing different yield stress in compression as predicted by different plasticity models; C) 
kinematic hardening, D) mixed hardening, and E) isotropic hardening [MUR 2011]. 
 
III.3 Damage modeling 
 
The previous section shows the possibility to model the DP steel behaviour with elasto-plastic 
models before the occurrence of large strains and fracture. In the real life, large plastic are 
desired in automotive applications and most of the time DP material is damaged during or 
after the forming process, and fracture may occur. The fracture mechanism can broadly be 
classified as brittle and ductile (Figure III.13). The brittle fracture appears with little or no 
plastic deformation which is undesirable by manufacturers. The maximum fracture strain in 
this mechanism is often under 5%. In opposite, the ductile fracture or ductile damage 
mechanism most frequently observed in metal forming occurs under large plastic strain, 
which is our interest. 
 
 
Figure III.13: Ductile and brittle failure behavior. 
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III.3.1 Ductile damage mechanism 
 
Since more than three decades it is well known that damage in ductile materials is due to the 
presence of voids at microscopic-scale. Numerous researchers observed with the microscopy 
help [RIC 1969], or more recently with X-ray tomography [WEC 2007] [BOU 2008], [MAI 
2008], [LAN 2010, 2011], that this damage process is divided in three specific mechanisms: 
nucleation, growth and coalescence of voids. Figure III.14 illustrates these stages along a 
tensile test of a notched plate specimen. 
 
Figure III.14: a) Tensile test of notched plate specimen, b) evolution of the damage process in 
a ductile metal related to the macroscopic loading evolution [ABB 2010]. 
 
Ductile damage starts with micro-cavity nucleation often localized at weak material points 
such as grain boundaries, interface between inclusion and matrix or at brittle inclusion. Then, 
the voids growth and coalesce to create local cracks which propagate more or less rapidly in 
the specimen. More specifically, Avramovic et al. [AVR 2009] observations on DPI steel 
fracture revealed that voids nucleation occurs by martensite cracking, separation of adjacent 
martensite regions, or by decohesion at the ferrite/martensite interface. The study also added 
that, martensite morphology and distribution had a significant influence in the accumulation 
of damage. The DP steel with a more uniform distribution of martensite showed a slower rate 
of damage growth and a continuous void nucleation during the deformation process, which 
resulted in a higher void density before fracture (Figure III.15). 




Figure III.15: SEM fractography of the DPI steel: SEM fractography of the DPI fracture 
surface: (a–f) ductile dimples; (e and d) different dimple size in ridges and valleys; (g) 
inclusions present within the dimples [AVR 2009]. 
 
The following sub-sections describe the three mechanisms defining the ductile damage. The 
current literature review is mainly based on Weck [WEC 2007] and Landron [LAN 2011] 
works picturing accurately the stand of the ductile damage mechanism research and its 
experimental evidences (distribution of microscopic voids, cavities or microcracks). 




The experimental evidences observed by X-ray tomography and completed by optical 
microscopy able to differentiate ferrite and martensite revealed that void nucleation stage can 
be homogeneous or heterogeneous. Homogeneous nucleation appears within grains without 
any relation with inclusions or a second phase in the microstructure. On the other hand, 
heterogeneous nucleation occurs due to heterogeneous strain close to inclusions, grain 
boundaries or precipitates [GOO 1979]. Most observations conclude that heterogeneous 
nucleation is the most encountered mode of nucleation. In this case, voids appear either by 
fracture of the second phase inclusion, or by decohesion at the interface or by cavitation in the 
matrix next to the particle. Figure III.16 illustrated the most frequent nucleation mechanisms: 
interface decohesion and inclusion fracture. More recently, Achouri et al. [ACH 2012] has 
highlighted the evolution of a cavity around a MgO-Al2O3 particle during an insitu tensile and 
shear tests of a HSLA sample (see Appendix (A.8). 




Figure III.16: Damage in an aluminum 6061 matrix reinforced with Al2O3 particles (a) 
decohesion; (b) particle fracture [KAN 1995]. 
 
Characterizations on studied DP steels 
 
Recent works on DP steels by Maire et al. [MAI 2008], Avramovic et al. [AVR 2009], 
Landron et al. [LAN 2011] showed that the mechanisms of void nucleation can be observed 
by using optical micrographs of fractured specimens (see Figure III.17a) and quantified with 
in situ X-ray tomography (see Figure III.17b). The main conclusions of these contributions 
unveiled that the DP steels microstructure accelerates drastically the number of void nucleated 
compared to a single-phase steel. The mechanisms depend on the steel microstructure: if the 
interface strength is weak, voids occur at the martensite-ferrite interface, otherwise they 
appear in the martensite. According to Landron, in the DPI sample (Figure III.18a), where the 
Ferritic matrix is soft and the inclusions of Martensite are hard, voids mainly appear by 
decohesion of the interface ferrite/martensite. In the DP steel with 62% of Martensite (Figure 
III.18b), where the martensite is softer, cavities appear inside the martensitic phase. 
 
 
Figure III.17:Views of the same DPI steel specimen coming from the acquired tomogram: (a) 
2D view of a section inside the volume, (b) 3D in situ X-ray tomography view of the entire 
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a) b)  
Figure III.18: Optical micrograph of a fractured sample: a) DPI steel, b) DP steel with 62% of 
Martensite. White is ferrite, gray martensite, black cavities. 
General modeling 
 
This part presents few void nucleation models. Literature review [ARG 1975] [BER 1981] 
[NEE 1987] on these modeling approaches involves models based on  critical stress, strain or 
energy level thresholds. The energy criterion defines for instance the required energy to 




Argon [ARG 1975] model is an analytical model involving a critical stress condition for void 




m tr   and the equivalent stress  eqv  inside the material: 
 
  eqv m C      (III.20) 
 




Beremin et al. [BER 1981] proposed a model based on Eshelby theory [ESH 1957]. In this 
criterion, the void nucleation occurs when the stress inside the particle reaches the critical 
stress C  for the interface decohesion or the particle fracture. The criterion is expressed as 
following: 
 
     maxI s eqv eqv Cmatrixk         (III.21) 
Where 
max
I is the maximal principal stress,  eqv matrix   is the equivalent stress inside the 
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Needleman and Tvergaard criterion 
 
Needleman and Tvergaard [NEE 1987] introduced a strain criterion to model the void 
nucleation evolution. It is based on the assumption that voids appear when the critical plastic 















        
 (III.22) 
 Where 
  NA  : Number of voids nucleated. 
  Nf : Potential nucleated void fraction in relation, for instance,   
  with the inclusion volume fraction. 
  N : Equivalent means plastic strain of the matrix at incipient nucleation. 
  NS : Gaussian standard deviation of the normal distribution of inclusions. 
  
p
eq : Equivalent plastic strain in the matrix. 
 
Modeling on studied DP steels 
 
Bouaziz and Maire criterion 
 
The improvement of microstructure observation method enhanced the void nucleation law 
from the initial Needleman and Tvergaard model. Recently, Helbert et al. [HEL 1998], 
Bouaziz et al. [BOU 2008] and Maire et al. [MAI 2008] with help of X-ray tomography 
method accurately modeled the voids nucleation stage for DP steels. In this approach, the 
numerical void density N  (number of voids per unit volume) is related to the triaxiality T and 
to the macroscopic equivalent plastic strain 
p
eqv  by the following relationship: 
 









   
        
   
 (III.23) 
 
Where A  is a material constant and N  is the critical strain value for which nucleation is 
supposed to start. The parameter 0N  designates the value of this critical strain for pure shear 
loading. 
 
Landron et al criterion 
 
Recently, further X-ray tomography measurements have been carried out and investigated by 
Landron et al [LAN 2011] on in-situ tensile notched axisymmetric specimens of DP steels. 
The experiments revealed a strong dependency between the density of voids, the backstress, 
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and the triaxiality for these grades. The law proposed by Landron [LAN 2011] defines the rate 














    
 (III.24) 
Where B and N0 are material constants and c is the critical shear stress value that the 
Martensite/Ferrite interface can support without breaking (see Equation (III.20)). The 
quantities  eqv   and X  represent the equivalent macroscopic stress and backstress scalar, 
in the context of the uniaxial tensile loading that served to derive the law. 
 




After the nucleation stage, voids grow by plastic deformation and the second stage of the 
ductile damage process happens. This phenomenon can be easily observed compared to the 
previous stage. A simple low resolution optical micrograph (Figure III.19a) is necessary to 
localize growing voids at the surface of a specimen during the insitu tensile test. Recently 
Weck et al. [WEC 2007] gave more details on voids observations (quantitative and 
morphology) with X-ray tomography (Figure III.19b). The characterizations of this stage 
revealed some parameters influencing the void growth. The triaxiality induces a significant 
increase of the void growth. In a lower impact, the void density can introduce some 
differences regarding the growth kinetic. Researchers affect this difference to the interactions 
between cavities leading to an acceleration of the void growth. Others scientists like Pardoen 
[PAR 1998] demonstrated that the isotropic strain hardening decreases the void growth rate. 
In opposite Besson [BES 2005] concluded that the kinematic hardening increases the cavity 
growth. 
 
a) b)  
Figure III.19: a) SEM observations during the in-situ tensile test of ductile steel [BOU 2008], 
b) Tomography reconstruction of voids (blue colors) nucleated at zirconia particles (red 
colors) [WEC 2007]. 




Characterizations on studied DP steels 
 
By X-ray tomography, Maire et al. [MAI 2008] enhanced volume acquisition during in-situ 
tensile tests and quantified in 3D the void growth in DPI steel. It occurs that the mean radius 
calculated over the entire void population remained approximately constant during the tensile 
test (Figure III.20a) while the radius of the largest cavities was increasing (Figure III.20b). 
a) b)  
Figure III.20: a) Evolution of the equivalent mean radius in function of strain calculated over 
the entire void population in DPI steels [MAI 2008], b) the equivalent diameter evolution of 
the largest cavities. 
Landron [LAN 2011] improved the observation by using high resolution (1.59 µm) in-situ 
tensile test X-Ray tomography. The void growth was tracked and the shape measured at 
different steps of deformation (see Figure III.21). These observations show that the study of 
the mean diameter of the twenty largest cavities in the population gives an accurate 
representation of the growth of single voids. Another conclusion of this study underlines that 
the growth kinematics are impacted by the steel microstructure and mechanical behaviors. In 
particular, the higher is the yield stress in the studied DP steel, the faster is the growth of 
cavities. 
 
Figure III.21: 3D visualization X-Ray tomography of the same cavity at different steps of 
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Rice and Tracey 
The most popular and the oldest void growth model was proposed by Rice and Tracey [RIC 
1969]. It was based on a simple analytical approach for a spherical void in an infinite rigid 
perfectly plastic material subjected to a uniform remote strain field. The equation is restricted 















where current R  is the void radius,   the plastic equivalent strain and T the stress triaxiality. 
Until today, Equation (III.25) is often used and adapted for different materials [HUA 1986] 
[ZHA 1994] [PAR 1998] [HUG 2003] [GRU 2012], void shapes (cylindrical, elliptical). The 
most famous application is in the original Gurson damage model (see section III.3.2.1). 
 
Huang 
Another significant contribution is the Huang model [HUA 1991]. He replaced the constant 
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Modeling on studied DP steels 
 
The growth models used for DP steels will be presented: the Bouaziz & Maire and the 
Landron laws. 
 
Bouaziz and Maire law  
 
At each deformation stage of the specimen, the growth of existing voids and the nucleation of 
new voids are observed. Consequently, the evolution of the mean void radius R  as defined by 
the Rice and Tracey model [RIC 1969] is modified by Bouaziz et Maire. [BOU 2008], [MAI 
2008] as expressed in Equation (III.27): 
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The second term in Equation (III.27) is the reduction of the average radius of the cavities due 
to nucleation. Indeed, it is easy to check that this last equation reduces to the classic Rice and 
Tracey model when the nucleation rate dN is equal to zero. 
The radius of the nucleated voids at various strain states is not constant. 0R  is the mean radius 
of cavities just after nucleation and before the beginning of the growth phase. It is dependent 
on the equivalent plastic strain (matrix+ void) and its expression is empirical. 
 
    0 0 expp i peqv eqvR R a    (III.28) 
 
where: 
iR0  is the size of the cavities nucleating at the beginning of the deformation and a  fixes the 
importance of the reduction of the size of the nucleating cavities with strain. 
 
 
Landron law  
 
The evolution of the mean void radius R defined by the Rice and Tracey model [RIC 1969] 
modified by Bouaziz [BOU 2008], Maire [MAI 2008], and Huang [HUA 1991] takes into 
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   
        
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 (III.29) 
 
As in Bouaziz and Maire law, the second term in Eq. (III.29) is the reduction of the average 
radius of the cavities due to nucleation. H is a material constant introduced by Huang in 
order to fit the model to experimental values. 0R is the initial mean radius of cavities, at 
nucleation, its evolution with strain is neglected unlike in Bouaziz and Maire law. 
 
III.3.1.3  Void Coalescence 
 
General characterizations 
After the void growth follows the void coalescence stage. This mechanism occurs very 
quickly and is extremely difficult to observe . The first observation with micrography 
technique shows that the void coalescence starts when the deformation is localized within the 
ligament of the material between the cavities located in the most critical region of the sample. 
The use of the X-ray tomography coupled with micrography method gives more details about 
the mechanism Figure III.22 ([WEC 2007], [BEN 2000]). 
Nowadays it is known that the void coalescence stage contains three modes: 
 The first mode observed by Thomson [THO 1987] is called internal necking. It is 
shrinkage of the ligament between two voids with typical shape of a necking process. 
 The second mode is shear localization [WEC 2007]. 
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 The third mode is called necklace coalescence. The coalescence is localized in a 
direction parallel to the main loading axis [PAR 1998] [BEN 2000]. 
 
 
Figure III.22: Illustration of the three modes of coalescence: (a) coalescence by internal 
necking (X-ray tomography), (b) coalescence by internal necking (SEM observation), (c) 
coalescence by shear localization (SEM observation) [WEC 2007], (d) necklace coalescence 
(optical metallography) [BEN 2000]. 
 
Characterizations on studied DP steels 
 
Literature dedicated to the void coalescence characterizations in DP steel grades is poor. The 
most notable contribution using X-ray tomography is from Landron et al. [LAN 2011]. 
According to her research, the void coalescence event in the DP steels (Figure III.23, Figure 
III.24) starts in a significant amount during an in-situ tensile test when the evolution of both 
the measured void density and the void equivalent diameter size is affected. In this study, it is 
noticed that the different modes of coalescence occurrence depend on the position of the voids 
coalescing. If neighboring voids were side by side, coalescence rather occurred by necking of 
the internal ligament. In the cases, where the angle between the voids was around 45°, 
coalescence resulted from shear localization. The third mode of necklace coalescence was not 
observed in the studied DPI steel The last observation points out that the coalescence 
preferentially occurs in the ferrite phase. 




Figure III.23: Observation of a longitudinal section inside the imaged specimen of DPI steel 
using X-ray tomography at different deformations: (a) ε= 0.69, (b) ε= 0.83 during the tensile 
test. [LAN 2011]. 
 
Figure III.24: 3D visualization of void coalescence in a DPI steel: (a) local event of 
coalescence at ε= 0.69, (b) macroscopic coalescence inside the same specimen at ε= 0.83 




A review of the most popular void coalescence models has been proposed by Weck during his 
PhD work [WEC 2007] and is presented in Table 1. 
 
Table 1: Historical overview of most important coalescence models [WEC 2007]. 
20 µm
Author Criterion Limitations Year 
McClintock Hole impingement 
Cylindrical holes 






equals intervoid spacing 
For regular array of voids 
No hydrostatic component 
1973 




Only the models of Brown & Embury [BRO 1973] and Tvergaard &Needleman [TVE 1984] 
used in our applications in chapter VIII are presented hereafter. 
 
Brown & Embury model 
 
The model [BRO 1973] states that coalescence occurs when the length of the ligament 
between the voids f  is equal to the length of the void (see Chapter IV for more details). 
When the stress triaxiality is low, the length of the ligament does not vary significantly since 
the void grows mainly in the tensile direction. However, when the stress triaxiality is high, the 
voids also grow in the direction perpendicular to the tensile direction. In that case, the length 
of the ligament between the voids will significantly decrease as the voids are growing, leading 
to an earlier failure of the sample. Assuming that each void has the same radius R and is 














Where: f  is the average inter-cavities distance and f is the void volume fraction. 
 
Tvergaard and Needleman model  
 
Tvergaard and Needleman [TVE 1984] used the Brown and Embury original contribution to 
extend the Gurson model for void growth to account for the coalescence phenomenon and 
final material failure. Its expression is given in the section III.3.2.2 when presenting the 
Gurson-Tvergaard-Needleman (GTN) model. 
 
No material properties 
Tvergaard and 
Needleman 
Critical porosity and 
acceleration factor 
Model relies on arbitrary 
parameters 
No hole geometry (average) 
1984 
Thomason Plastic limit load 
No micro shear localization 
possible 





Plastic limit load 
with strain hardening 




Stress equals global 
work hardening rate 
Local work hardening  
Global work hardening rate 
2004 
III.3.2 The Gurson model and its extensions 
 
Many models for material degradation, commonly called damage, have been proposed in the 
past. The damage modeling is usually divided in two groups: the phenomenological and the 
micromechanical approaches. The phenomenological approaches initiated by Kachanov 
[KAC 1958] couple the elastoplasticity theory with damage in the framework of the so-called 
continuum damage mechanics. This approach assumes the existence of a classical true stress 
tensor σ computed from macroscopic loading and macroscopic area measurements, and an 
effective stress tensor σeffec theoretically closer to the actual average microscopic stress state 
existing between defects. The effective stress tensor σeffec can be related to the true stress σ by 
an effective stress operator M, depending on a damage parameter D which characterizes the 
state of damage of the material. 
 
   :effec M D    (III.31) 
 
The operator M(D) takes into account the area of the microvoids and microcracks, stress 
concentrations due to microcracks and the interactions between neighboring defects. The best 
known contribution of this type of approach is the work of Lemaitre [LEM 1992]. In his basic 
model, the isotropic damage depends on a scalar variable D, neglecting the microcracks 









  (III.32) 
 
Cordebois et al. [COR 1983] modified the isotropic damage parameter D (Eq.(III.32)) to a 
second order tensor D to introduce the anisotropic damage. An elastic energy equivalence 
hypothesis is introduced and effective values for stress and strain tensors are defined. 
 
The micromechanical approach chosen within this research was initially introduced by the 
famous Gurson model [GUR 1977], extension of von Mises plasticity model to a porous 
material, whose behavior depends on first stress invariant and whose equations were based on 
cell calculations. The sections below describe the original Gurson’s contribution and its 
extensions. The decision to prefer a Gurson type model and not a Lemaitre type model relies 
on the broad literature survey performed by M. Ben Bettaieb for ArcelorMittal in 2008 [BEN 
2008].  
 
III.3.2.1  The initial Gurson model 
 
Gurson's first assumption [GUR 1977] is that the yield function for ductile materials is 
modified by the presence of voids. After the porosity accumulation, the material begins to 
soften and loses its capability to carry loads. The initial Gurson model considers only the 
voids growth phase according to Rice and Tracey [RIC 1969]. 
 
Figure III.25 shows a representative volume element constituted by a spherical void inside a 
spherical matrix. The second hypothesis considers the matrix as a homogeneous material with 
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an incompressible plastic deformation. This material is assumed rigid perfectly plastic with an 
isotropic von Mises yield limit, and it uses an associative normal flow rule. 
 
  
Figure III.25: Representative volume element and assumptions of Gurson model. 
 
The originality of Gurson model is the introduction of void volume fraction or porosity f  























y : yield stress of the fully dense matrix, constant and equal to 0  (perfect 
plasticity is assumed).  




eqv : macroscopic von Mises equivalent stress (cavity + matrix).  









AV , MV  are respectively the elementary apparent volume of the material 






if perfect rigid plastic: 
Yield surface = von-Mises







0   constante y  
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As notified earlier, Gurson model is based on von Mises criterion, consequently some 
equations are identical such as: 
 
-Equation (III.4) where the total strain rate tensor (matrix + voids)   is divided into an elastic 
strain rate tensor 
e
  and a plastic strain rate tensor
p
 . Due to the rigid plastic mechanical 
material behaviour condition, the elastic part is ignored  0e  . 
 
-No expression of the isotropic hardening law is presented as a constant value is used. 
 
 py y   constant (III.34) 
 
It is easy to check that, when there is no void  0f  in the material, the yield function 













     (III.35) 
 
With the new yield function the normality rule becomes: 
 








where   is the plastic multiplier and  , ,Gursp yF f   is the Gurson yield function. This 
associative normality rule assumes that the plastic strain rate is a tensor normal to the yield 
surface in the stress space. 
 
If 0  and  , , 0Gursp yF f    the behaviour is rigid. 
If 0  and  , , 0Gursp yF f    the behaviour is plastic. 
 
The 1977 Gurson model introduced only the influence of a porosity growth in the damage 
effect. The growth rate equation (
gf ) as mentioned by many authors and for instance by Ben 
Bettaieb et al. [BEN 2008] comes from the apparent volume change, the mass conservation 
and the matrix plastic incompressibility. 
 





f f f tr
V
     (III.37) 
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The porosity modifies the usual energy equivalence and turns to a new plastic work 
expression: 
 
 : 1p peqv eqvf      (III.38) 
If 0 :
p p
eqv eqvf        
 
The advantage of using the initial classic Gurson model is its ability to incorporate the 
damage parameter through the voids volume fraction. The model needs the same number of 
equations as von Mises plus the porosity growth (seven equations in total). The unknowns are
 ,peqv f . 
 
The number of material parameters increases by one compared to the von Mises criterion  0f . 
 
III.3.2.2  Extensions of Gurson model 
 
The initial 1977 Gurson model has been widely used and extended. Ben Bettaieb collected the 
most important extended Gurson models in his literature review on damage models and 
rupture criteria [BEN 2008]. In this section, the main goal is to describe in details the most 
significant extension called GTN model, which is taken into account in the adopted modeling. 
The other contributions are summarized in synthetic tables (hardening functions, plastic 
anisotropy, visco-plasticity, void nucleation, void growth, void coalescence, shear failure 
provided in Appendices (A)). 
 
Gurson-Tvergaard-Needleman model (GTN) 
 
This Gurson model extension well known as GTN model has been proposed by Tvergaard & 
Needleman [TVE 1984]. It is implemented in almost all commercial finite element software 
and is often the base module for new extensions. GTN constitutive law completes the initial 
Gurson model by breaking out two of its limitations. The first one is the significant gap 
between numerical simulations and experimental results and the second limitation concerns 
the weakness of the Gurson model unable to describe the nucleation and the coalescence 
stages. 
 -The first contribution of GTN model is the addition of the adjustment parameters 
1 2,q q  and 3q  into the expression of the yield surface in order to adjust the model to 
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These new parameters were introduced by Tvergaard [TVE 1984] and can be used to 
correct the effect of interaction between voids ( 1q  and 3q ) and void shape changes ( 2q ). 
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Often 3q  is chosen to be equal to 
2
1q . Initially, Tvergaard proposed the following values of 
these parameters: 
2
1 2 3 11.5 ; 1; 2.25q q q q    . 
 
 The second contribution concerns the inability of the initial Gurson model to describe 
the nucleation and the coalescence stages. The porosity rate is split into three parts to 
solve this drawback: 
 
n cgff ff     (III.40) 
The nucleation of new microvoids is due for instance to decohesion of matrix-inclusion or 
matrix-second phase interfaces, or to hard particle fracture. Considering a Gaussian 
inclusion distribution, an assumption is that the microvoid nucleation rate is mainly 
controlled by the equivalent plastic strain rate and defined by relationship proposed by 
Chu & Needleman [CHU 1980]: 
 p
n N eqvf A   (III.41) 
 Where 
  nf  : nucleated microvoid volume fraction. 
  NA : number of void nucleated (seen Equation (III.22)). 
  
p
eq : rate of equivalent plastic strain in the matrix. 
 
The coalescence of neighboring microvoids yields to final material failure. We used here the 
approach developed by Tvergaard & Needleman [TVE 1984]. This approach is based on the 
following experimental observation: this final stage is characterized by rapid changes in void 
size and shape together with significant modifications of the relative distances between the 
voids. So cf  is not used as an additive part of the porosity but a specific coalescence function 
*f  replaces the porosity f  in Equation (III.39). The aim of this parameter change is to model 
the complete vanishing in the carrying stress capacity due to void coalescence, at a realistic 
void volume fraction: 
 * *; ( )u crcr cr cr cr
F cr
f f
f f if f f f f f f if f f
f f





  uf : the ultimate of value of 
*f  at the occurrence of ductile rupture, also  
          related to the material parameter 1q  introduced by Tvergaard ( 11/uf q ). 
  crf : the critical void volume fraction at coalescence onset 








Extensions of the GTN model 
 
One limitation of the GTN model is to consider spherical voids. In order to overcome this 
limitation, Gologanu et al. [GOL 1993-95] extended the GTN model by taking into account 
the void shape effects (this model is often called GLD). It stands for Gologanu-Leblond-
Devaux. Another limitation of the GTN model is to consider the matrix isotropic in the yield 
function. Observations have proved that plastic anisotropy of the matrix surrounding the voids 
can influence the equivalent stress function and damage evolution. As a consequence the 
isotropic equivalent stress is often replaced by an anisotropic function adopting the Hill'48 
criterion [BRU 2001]. Benzerga et al. [BEN 2001] replaced the isotropic plastic von Mises by 
the Hill anisotropic plastic through the identification of Lankford coefficients. 
 
An additional significant extension is the hardening behaviour. The initial Gurson model 
describes a perfect plastic behavior. Leblond et al. [LEB 1995] extended in an accurate 
theoretical way the model to the case of a matrix with isotropic hardening. Their model 
introduces two new parameters in the yield function representing the plastic hardenable 
hollow sphere. These parameters are depending on the deviatoric and hydrostatic parts of the 
macroscopic plastic strain. 
Mear and Hutchison [MEA 1985] as well as Ragab [RAG 2004], Ben Bettaieb [BEN 2010] 
extended the Gurson model to the kinematic hardening case. 
Other contributions use a yield surface function of plastic strain rate and allowed the 
introduction of the viscoplasticity in the model for instance Nègre et al. [NEG 2003] used the 
Hollomon law to describe the yield stress which is a function of equivalent plastic strain. 
The improvement of microstructure observation methods enhanced the development of new 
void nucleation laws from the initial GTN model. Recently Helbert et al. [HEL 1998] and 
Bouaziz et al. [BOU 2008] with help of X-ray tomography method accurately modeled the 
voids nucleation stage. Pardoen [PAR 2006] improved both the void growth modeling and the 
rupture prediction by coupling his Gurson version to the Thomason coalescence criterion 
[THO 1990]. Other extensions of the GTN model are presented in Appendix (A.7). 
The most significant contributions concerned the coalescence stage which is considered 
researchers to be the beginning of the material failure. Besides, Brown & Embury [BRO 
1973] criterion defining the beginning of the coalesence stage as a critical distance between 
the centers of neighboring voids, Thomason [THO 1990] introduced a non-hardening rigid 
plastic solid criterion, which contains a regular three-dimensional distribution of spherical 
microvoids. Nowadays, due to shear fracture, and edge cracking during sheet-forming 
process, the GTN model is extended to take into account the shear contribution. K. Nahshon 
and J.W. Hutchinson [NAH 2007] incorporated damage growth under low triaxiality straining 
for shear-dominated states through Lode angle for aluminium. Xue [XUE 2007] [XUE 2008] 
and Nielsen&Tvergaard [NIE 2010] modified the expression of the Lode angle in simple 
shear and small void volume fractions for DP steels. 
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III.4 Fracture modeling 
 
The present section briefly introduces two types of fracture criteria (micromechanical ones 
and empirical ones) decoupled from any damage modeling. Again we are mainly focused on 
models already used for Dual-Phase steels. The micromechanical criteria are based on 
rigorous microscopic observations while the empirical criteria have no consistent theoretical 
justification. 
III.4.1 Micromechanical fracture criteria 
These criteria are based essentially on the study of the growth and coalescence of spherical or 
cylindrical cavities in porous plastic solids [ABB 2003], [WIE 2005a], [UTH 2008], [SUN 
2009], [LUO 2010], [LI 2010], [UTH 2011], [VAJ 2012]. 
III.4.1.1  The Mc Clintock model 
This criterion defined by Mc Clintock [MCC 1968] is based on the analysis of the expansion 
of cylindrical cavities in a plastic material under a triaxial stress state of fixed orientation. The 
version of Oh, Chen, Kobayashi ([KOB 1979] of the Mc Clintock model is defined by the 
following relation: 
 
















   
  (III.43) 
where 
 1 3,  : the principal stresses. 
 n : the exponent of the hardening law  
 cC : a critical value. 
This model is often applied on DP steel for comparison with the Rice & Tracey model [ABB 
2003]. More recently, this criterion has been used by Lou and Li. [LUO 2010] [LI 2010] to 
predict the fracture of Advanced High Strength Steels (AHSS) such as DP steel with the 
concept of Forming Limit Curve (FLC). 
III.4.1.2  The Rice & Tracey model 
 
The Rice & Tracey model [RIC 1969] has been developed for a single spherical void located 
in an infinite plastic medium showing no interaction with neighboring voids. The fracture 
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  (III.44) 
Here 0R  is the initial void radius. 
Rice & Tracey fracture model is more applied than Mc Clintock prediction in sheet metal 
forming process. Literature survey shows that Wierzbicki and co-workers [WIE 2005a], LUO 
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2010], [LI 2010] and others [UTH 2008], [SUN 2009], [VAJ 2012] often use this model as a 
reference. They usually compare this model to the modified Mohr-Coulomb fracture criterion 
(MMC). This approach serves to predict the initiation and propagation of cracks in industrial 
applications such as deep-drawing punch and cross-die drawing tests. 
 
III.4.2 Empirical fracture criteria 
 
According to Ben Bettaïeb [BEN 2008], the empirical ductile fracture criteria can be sorted 
into three classes depending on the type of function used to express the criterion: usually 
stress and/or strain and strain path dependent. The stress-based functions involve equivalent, 
mean (or hydrostatic) or shear stresses whereas the strain-based functions incorporate 
equivalent, mean or thickness strains. The literature on empirical fracture is quite extensive. 
This part based on Ben Bettaïeb work presents the most used model in forming processes. 
 
III.4.2.1  The Cockroft & Latham model 
 
The Cockroft & Latham model [COC 1968] was developed for the bulk forming operations 
and therefore is applicable only to the range of small and negative stress triaxiality. In this 
model, fracture occurs when the accumulated equivalent strain modified by maximum 







    (III.45) 
This model is the most widely used empirical continuum ductile criterion and states that 
fracture depends on the integrated principal tensile stress. Thus, for a given material, 
temperature and strain rate, this criterion suggests that fracture occurs when integral of the 
tensile stress reaches a critical value. 
 
III.4.2.2  The Brozzo et al. model 

















III.4.2.3  The equivalent deformation model 
Fracture is assumed to occur in a material element when the equivalent plastic strain peq  
reaches a critical value f . 
 
p
eq f   (III.47) 
There is an understanding agreement that this criterion is very accurate but not valid for all 
possible stress states. 
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III.4.2.4  The FFLD model 
The concept of FFLD (Fracture Forming Limit Diagram) has been developed in the metal 
forming industry to characterize transition from plane stress necking to transverse plane strain 
fracture. In the first approximation, the FFLD forms a straight line in the space of principal 
strains. 
 1 2 3f f f cC       (III.48) 
where the subscript f  denotes the strain magnitude at the point of fracture.  
III.4.2.5  The Johnson-Cook model 
 
Johnson & Cook postulated that the critical equivalent fracture strain (for constant strain rate 
and temperature) is a monotonic function of the stress triaxiality 
 1 2 3exp( ( / ))f m eqc c c     (III.49) 
The Rice & Tracey and McClintock models can be considered as particular cases of the 
Johnson-Cook model. The constants 1c , 2c  and 3c  were determined from tensile tests with 
high triaxiality and in some cases from a shear test. 
III.4.2.6  The Xue-Wierzbicki model 
 
This recent model [WIE 2005a], [WIE 2005b], [XUE 2007] relies on most if not all 
experimental observations and is relatively easy to calibrate. Fracture is postulated to occur 
when the accumulated equivalent plastic strain, modified by the function of the stress 














   (III.50) 
in which 3J  is the third invariant of the stress deviator and is equal to 1 2 3      ( 1 2 3     are 
the principal components of  ). 
 
III.4.2.7  The maximum shear stress model 
 
There is clear evidence that ductile fracture may occur on a plane where the shear stress is 
maximum. For example, in upsetting test on short aluminum cylinders a spiral fracture occurs 
in the equatorial area of barreled specimens [DUN 2011], [KIM 2011]. It is then reasonable to 
postulate that fracture is governed by the condition 
 max max( ) f   (III.51) 
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and 1 , 2  and 3  are the principal stresses.  
III.5 Conclusions 
 
After chapter 2 giving a general presentation of the Dual-Phase (DP) steels (microstructures, 
mechanical properties, and formability characteristics), the current chapter has been focused 
on picturing the state of the art of Dual-Phase steels behaviour modeling. DP steels 
mechanical constitutive laws are based on plasticity, damage theory and decoupled damage 
approaches rely on fracture criteria to predict rupture. Each model presents some advantages 
and drawbacks. 
 
The DP steel behaviour is accurately modeled with elasto-plastic models before large strain 
and fracture. Recent developments in sheet-forming process with DP steels [TAH 2009], 
[CHU 2010], [MOR 2010], [KAD 2011], [VLA 2010], [MUR 2011], [CHU 2012], [VAJ 
2012], [SUN 2013] show that rather than using a purely isotropic (Ludwig, Swift, Voce) or 
purely kinematic hardening laws (Prager, Ziegler, Armstrong-Frederick), mixed hardening 
type models enhance the stress accuracy prediction by expanding, contracting, or translating 
the yield surface. Kinematic or mixed hardening laws are often employed with success in 
automotive industry to simulate or minimize springback. These plasticity phenomena usually 
appear before the sheet starts to soften or damage. 
The second section of this chapter focused on damage modeling of DP steels characterizes the 
ductile damage as the succession of three specific mechanisms: nucleation, growth and 
coalescence of voids. These stages occur before the material totally failed apart. 
 The void nucleation stage which is most of the time heterogeneous appears either by 
fracture of the second phase inclusion, or by decohesion at the interface. 
Numerous void nucleation models have been proposed such as Argon [ARG 1975], 
Beremin et al. [BER 1981], Needleman and Tvergaard [NEE 1987] and more recently 
Helbert et al. [HEL 1998], Bouaziz et al. [BOU 2008], Maire et al. [MAI 2008] and 
Landron et al [LAN 2011] with help of X-ray tomography technique. Thanks to this 
new observations technique, the void nucleation models are closer to the experiment 
but need a lot of time to be analyzed, compared, and validated. 
 The void growth stage easier to characterize takes place by plastic deformation. This 
mechanism is influenced by the triaxiality, the void density, the isotropic or kinematic 
hardening. Maire et al. [MAR 2008] enhanced volume acquisition during in-situ 
tensile tests and quantified in 3D the void growth in DP steels. It occurs that the mean 
radius calculated over the entire void population remained constant during the tensile 
test while the radius of the largest cavities was increasing. An advanced work with this 
method from Landron et al. [LAN 2011] concludes that the void growth kinematic is 
impacted by the steel microstructure and mechanical behaviors. In particular, the 
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higher the yield stress is, the faster is the cavity growth. Most of the void growth 
models are based on Rice and Tracey [RIC 1969] works. This model has been 
continuously enhanced see for instance Huang model [HUA 1991] or Bouaziz [BOU 
2008] and Landron et al. [LAN 2011] for DP steels. Huang [HUA 1991] prediction 
permitted a good comprehension of the growth mechanism of a large family of DP 
steels. The author includes material parameter depending on volume fraction of 
martensite and completed the Rice and Tracey model with the introduction of the 
triaxiality to take into account the geometry of the sample. Bouaziz et al. [BOU 2008] 
added to the Rice and Tracey growth law the void nucleation contribution with a 
precise counting of the void density, function of triaxiality factor. Landron et al. [LAN 
2011] enhanced the model of Bouaziz by integrating Huang prediction, the 
coalescence part and more important, and the backstress tensor contribution. 
 The coalescence stage occurs in a short time range . It starts when the deformation is 
localized within the ligament of the material between the cavities located in the most 
critical region of the sample. This stage contains three modes: internal necking, shear 
localization, necklace coalescence. Landron et al.[LAN 2012] notable contribution on 
the comprehension of this phenomenon observed that the void coalescence in the DP 
steels started in a sufficient amount during an in-situ tensile test when the measured 
void density, the equivalent diameter and in general the void dimensions are affected. 
Landron checks this information to identify the coalescence start. A literature survey 
shows that the most used models for DP steels are Brown and Embury [BRO 1973], 
Tvergaard & Needleman [TVE 1984], and Thomason [THO 1990]. 
 
The micromechanical approach to damage, which is our main focus, was initially introduced 
by the famous Gurson model [GUR 1977] coupling deformation with damage. This model 
with its most popular extension well known as GTN (Gurson-Tvergaard-Needleman) has been 
described in details. Additional significant extensions of the GTN have been reviewed and an 
overview is available in Appendices (A). The GTN extensions can be separated in seven 
categories: hardening functions, plastic anisotropy, viscoplasticity, void nucleation, void 
growth, void coalescence and shear failure. In hardening function GTN extensions, the 
notable work of Leblond et al. [LEB 1995] commonly named GLD model introduced 
nonlinear kinematic hardening into the GTN-model. . Gologanu et al. [GOL 1993] took care 
of void shape and Pardoen [PAR 2006] extended previous approaches to handle cases of law 
triaxialities. 
In the current study it has been noticed that generally, the DP steel is less sensitive to the 
anisotropy effect compared to other steels. Even though, the anisotropy influence is weak at 
low strain, it can have a significant effect when the material starts to damage. The damage 
extension of the GTN model has been widely modified.These new approaches are discussed 
in perspectives section in chapter IX. 
Ben Bettaieb [BEN 2012] GTN extension chosen in this current study and described in the 
next chapter containes significant contributions for DP steels:  the mixed hardening and the 
plastic anisotropy of the matrix, a physically based void nucleation and growth models from 
Bouaziz et al. [BOU 2008]. 
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The previous chapter has assumed that the ductile fracture occurs within the plastically 
deforming parts of most DP steels through nucleation, growth, coalescence of voids. This 
increase of void volume fraction softens the material until fracture takes place. The porosity 
evolution has been well predicted by numerous investigations [TVE 1984], [NEE 1987] using 
the Gurson model [GUR 1977]. This model choice presents the advantage to open doors 
towards many available extensions for different mechanical behaviors, for instance: 
anisotropic yield locus, isotropic and kinematic hardening models and viscoplastic 
constitutive law. It has been also adapted to ellipsoidal void shapes (see appendix (A)). The 
most known Gurson model extension is the one introduced by Tvergaard & Needleman 
usually called (GTN), see Chapter III.3.2.2. 
Due to its micromechanical roots and to the explicit use of the void volume fraction as a 
damage state variable, the GTN model has been chosen in the current research to introduce 
recent results from experimental X-ray tomography measurements on DP steels. The current 
extended GTN damage model named GTNBF (Gurson-Tvergaard-Needleman-Ben Bettaieb-
Fansi) is based on the original work of Ben Bettaieb [BEN 2011-2012]. The GTNBF model 
has two main contributions compared to classical GTN approach. 
The first one is the original extension called GTNB (Gurson-Tvergaard-Needleman-Ben 
Bettaieb) developed in Lagamine FEM software of Liège University [ZHU 1992] and 
implemented in Abaqus-explicit during this thesis. Ben Bettaieb introduced the Hill 
anisotropic yield function of the matrix in the Gurson yield function, as well as a mixed 
hardening model (Swift law coupled with a modified Armstrong-Frederick approach). In this 
model, the usual GTN damage parameters (q1, q2, q3) and the porosity become variables 
explicitly depending on triaxiality and plastic strain. Validation of the GTNB model [BEN 
2012] extended to Bouaziz's void nucleation law [BOU 2008] was performed on experimental 
results for tensile specimens with square cross-section and very large notch radius. In the 
current thesis, Ben Bettaieb's GTNB model was implemented in Abaqus/Explicit. 
The second contribution consists in integration in the VUMAT law of recent experimental 
nucleation/growth observations. Through this approach, it was possible to accurately compute 
the void density and the evolution of the void mean radius. The present extension, called 
GTNBF model was motivated by recent X-ray tomography measurements from Landron et al 
[LAN 2011]. The experiments carried out on in-situ tensile notched axisymmetric specimens 
of DP steels revealed a strong dependency between the density of voids, the backstress, and 
the triaxiality. In all these models Gurson's a strong assumption of spherical voids is used. 
The most important part of the modeling work is to infer general three-dimensional damage 
evolution laws from the experimental observations on a smooth [MAI 2008] and notched 
[LAN 2011] tensile specimens. This goal has been reached by a close collaboration between 
the experimental and the numerical teams (INSA-Lyon, ArcelorMittal-Metz, and University 
of Liège). From a ductile damage modeling point of view, the GTNBF model is built on the 
Maire et Bouaziz modeling works and the experimental Landron [LAN 2011] contributions. 
Finally, let us remind that the GTNB model was validated only on DPI steel and for square 
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smooth sample whereas the GTNBF model is extended on large range of triaxiality factors 
and various DP steels containing from 11% to 62% of volume fraction of martensite. 
Chapter 4 has two distinct objectives. The first one is to summarize the original GTNB model. 
Then, the second one details the new contributions (Huang void growth prediction [HUA 
1991], Landron et al. nucleation law [LAN 2012], the chosen coalescence model, and an 
additional fracture initiation criterion) contained in the GTNBF model. 
 
IV.2 Gurson-Tvergaard-Needleman-Ben Bettaïeb model 
(GTNB) 
 
IV.2.1 Constitutive equations 
 
The GTNB model is focused on dual phase steel behavior and introduces the Hill anisotropic 
yield function and a mixed hardening model of the matrix in the Gurson yield function. The 
hardening choice relies on a Swift law for the isotropic hardening and a modified Armstrong-
Frederick law for the kinematic one. The set of constitutive equations presented hereafter uses 
the small strain formulation. Generally, DP steels reach large strain during the sheet forming 
process. Fortunately, finite element codes like Abaqus or Lagamine provide a numerical tool 
treatment based on coordinate reference system transformation. Abaqus/explicit gives strain 
components in logarithmic form and allows the material to behave in large strain formulation. 
More details are given in the Abaqus theory manual [ABA 2011]. 
The damage model consists of eight equations. The three first ones are common to any 
plasticity law. These equations have been already presented in chapter III.2.1.1 as Equation 
(III.3) Hooke's law, (III.4) additive approach of strain rates and (III.5) associative plastic flow 
rule when describing the plastic modeling. The other equations presented hereafter are 
specific to the original GTNB model. 
 





















  X    is the shifted stress tensor defined as the difference between the Cauchy 
stress tensor   and the back stress tensor X  of the macroscopic medium (matrix and 
void). 
 eqv  is the anisotropic equivalent shifted stress (with respect to the quadratic Hill 
criterion). eqv  is computed by  1 : :
2
eqv H   where H  is the Hill matrix of 
anisotropy coefficients defined as a function of the Lankford coefficients 
0 45 90r ,  r ,  r  
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(see Appendix ((B.1)). 
 y  defines the yield stress of the dense matrix, it is a scalar function of the equivalent 
plastic strain describing the matrix hardening. 
 m  corresponds to the macroscopic mean shifted stress equal to  1
3
tr  . 
 
*f  is a function of the porosity f . The coalescence event is neglected in this model. f  
is the void volume fraction defined as the ratio between the volume of voids vV  and the 
total volume m vV V , where mV  is the matrix volume. Finally, 1 2,  q q  and 
2
3 1q q  are 
three material parameters introduced by Tvergaard and Needleman [TVE 1982]. In 
this case, these parameters are kept constant and take the following values: 1 1.5q   
and 2 1q  . 
 The parameter   is reflecting the influence of the plastic anisotropy. Derived by 
Benzerga and Besson [BEN 2001] from a micromechanical analysis, it is a function of 
the Lankford coefficients 0 45 90r ,  r ,  r . For isotropic materials,   is equal to 2 (see 
Appendix ((B.2). 
 
This damage anisotropic yield function is coupled with a mixed hardening model as described 
in Ben Bettaieb et al. [BEN 2011]. The isotropic hardening model is defined by the well 





y mK     (IV.2) 
 
Where K , n   and 0  are material parameters and 
p
m  represents the equivalent plastic strain in 
the dense matrix. The kinematic hardening law is described by a variant of the Armstrong-
Frederick saturating model [ARM 1966], adapted to damaged materials: 
 
    ** **11 ;    p px sat eqvX q f X X C S X      (IV.3) 
 
Where xC  and satS  are material parameters, 
p
  is the plastic strain rate in the macroscopic 
medium and 
p
eqv  is the equivalent plastic strain rate defined as: 
 






 is the pseudo-inverse of Hill’s anisotropy matrix (its expression is provided in the 
Appendix ((B.1)).). According to Arndt et al. [ARN 1997], Eq. (IV.3) respects the initial 
Gurson model approach when the kinematic hardening is used. 
 
Finally, the work equivalence principle is used: 
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  : 1p py mf      (IV.5) 
IV.2.2  Physically-based void nucleation and growth models 
 
The damage law is formulated from the modeling work of Bouaziz et al. [BOU 2008] which 
is based on Maire [MAI 2008] measurements. This section summarizes the experimental 
measurements of Bouaziz and co-workers on void nucleation and its integration in the GTNB 
model. 
 
IV.2.2.1 Experimental measurements by Maire et al. 
 
The qualitative observations based on 3D X-ray tomography measurements allowed the 
researchers to quantitatively describe the progressive increase of the number of cavities 
during the plastic deformation of the studied square smooth sample made of DPI steel. This 
experimental information was used to develop two evolution laws: one for the nucleation 
phenomenon and one for the growth phase. In the latter case the classical approach from Rice 
& Tracey [RIC 1969] was chosen and enhanced. Bouaziz and Maire [BOU 2008] [MAI 2008] 
concluded that 
p
eqv  (equivalent plastic strain) and T  (triaxiality) are key factors to model the 
void growth. 
The equivalent plastic strain 
p
eqv  is calculated equal to the average axial strain defined over 
the entire minimal cross-section. The triaxiality T  used to derive the law was also an average 
value over the necking section. It was determined using a modified Bridgman approximation 
approach [BRI 1945]. The triaxiality value was extracted by measuring the radius of curvature 
of the outer surface in the central section and the minimum value of this section as seen in 
Figure IV.1. 
 
Figure IV.1: a) Grayscale slice of the DPI notched sample at the final stage of the tensile test, 
b) The same image filtered and binarized; the figure shows a section of the 200×200×200 
voxel cubes (RVE), c) A plot of the sample shape in the y−z plane, d) A slice of the RVE, 
filtered and binarized, representative of the damage [BAR 2012]. 
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IV.2.2.2 Void nucleation kinetics 
 
The quantification of the evolution of the density and size of the voids, but also the triaxiality, 
and the equivalent plastic strain measured with the efficient X-ray experimental tomography 
technique [MAI 2006-2008], [YOU 2005] allow Bouaziz [BOU 2008] to develop few 
analytical relations between those quantities. The following section describes the origin of the 
Bouaziz &Maire damage evolution approach based on the original publication "A model for 
initiation and growth of damage in dual-phase steels identified by-ray micro-tomography" 
[BOU 2008]. Hereafter, the damage evolution ideas developed for the GTNB model are the 
same as the ones used in extended model (GTNBF model). 
 
First, from the initial experimental tensile test briefly described above, Bouaziz et al. [BOU 
2008] has extracted four 3D rending of cavities corresponding to the equivalent plastic strain 
of 0, 0.17, 0.72 and 1 as seen in Figure IV.2. The voids are presented in black color and the 
outer surface of the specimen in grey. 
 
 
Figure IV.2: 3D rendering of cavities (black) and of the outer surface of the specimen (grey) 
relating necking with the increase of damage; states 0, 4, 5 6 correspond to the equivalent 
plastic strain of 0, 0.17, 0.72, and 1 for DPI steel [BOU 2008]. 
Thanks to the measurement of the values of the minimal cross-section radius (rsection) and the 
notch radius (rnotch) (chapter V, Figure V.11), the researchers estimated the equivalent plastic 
strain 
p






   (IV.6) 
Where, 0S  and S  are respectively the initial and the current surfaces of the necking section.  
However within the post processing of experimental observation by metallurgist teams 
composed of Bouaziz and Maire, the triaxiality is assumed to be a constant value through the 
whole macroscopic material across the necking section. In the case of tensile tests on notched 
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or smooth samples, constant mean triaxiality T through the section is expressed as a modified 




0.33 0.27 1 exp peqvT n




With 17.0n  
 
Note that Bridgman developed his average formula for notched specimen, and here it is used 
as an extension even for uniaxial tests that undergo necking. However for uniaxial test before 
necking event, T should be 1/3. The triaxiality value is a key point for comparison between 
FE simulations and experimental observations due to is strong influence on damage evolution. 
The interest of FE approach is that it provides more accurate T values and takes into account 
any sample shape. 
 
With the hypothesis that the necking starts at equivalent plastic strain superior to 0.17, the 
numerical void density N  (number of nucleated voids per mm³) and their mean radius R  are 
obtained by counting the number of voids and measuring their size in the 3D images. Due to 
the heterogeneity appearing and amplified when the necking becomes stronger in the 
specimen, an equivalent mean strain value has been taken assumed. For each measured 
equivalent mean strain value corresponds a void density N , a mean radius R  and a 
triaxiality T. Finally, it has been possible to draw the evolution of the triaxiality (Figure IV.3a 
and void density (Figure IV.3b) in function of the equivalent mean strain. 
 
a) b)  
Figure IV.3: a) Measure and interpolation of triaxiality as a function of equivalent strain for a 
tensile test, b) Measure and interpolation of the density of cavities as a function of equivalent 
strain in the center of the tensile specimen for DPI steel [BOU 2008]. 
The fitting of the experimental points with the analytical curves permitted to consider that the 
numerical void density N  (number of nucleated voids per mm³) is related to T  (triaxiality) 
and 
p
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                   0 expN N T   (IV.8) 
 
Where: 
A : Constant equal to 5000 voids/ mm³ representing the void density when the 
material starts to nucleate at 0.17 of equivalent plastic strain. 
N : Critical value of the strain for which nucleation starts. This quantity has 
been identified by Leroy et al. [LER 1981] 
0N : Critical strain when a pure shear is applied (T=0). A value of 0.8, for this 
critical strain in shear, provides a good fit for N  evolution compared to 
experimental measurements. 
T : Triaxiality function.  
 
Regarding the GTNB model, the triaxiality measured by Maire et al. [MAI 2008] is a local 
value computed by the FE code at each integration point as the ratio between the mean stress 
and the equivalent stress. These stresses are the one computed within the (matrix + void) 
medium, and due to the use of kinematic hardening, they are the shifted values. 
 
IV.2.2.3 Void growth kinetics 
 
The previous analysis on the evolution of the void density helps to model the evolution of the 
mean void radius R . In the same way as for the void density evolution, Bouaziz et al. [BOU 
2008] established a relationship between the evolution of the mean void radius R  and the 
measured triaxiality. It is defined by the Rice & Tracey [RIC 1969] model modified by 

























The second term in Equation (IV.9) is the reduction of the average radius of the voids due to 
nucleation as compared to the initial Rice and Tracey model. Indeed, it is easy to check that 
Equation (IV.9) reduces to the classical Rice and Tracey model when the nucleation rate dN
is equal to zero. 
0R  is the mean radius of nucleated cavities before the beginning of the growth phase. At each 
deformation stage of the specimen, the growth of existing voids and the nucleation of new 
voids are observed. The radius of the nucleated voids at any material point subject to a 
defined strain path presents some scatter before any growth stage. 0R  is the average value of 
these initial radii. As assumed by Equation (IV.10), this average radius is dependent on the 
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equivalent plastic strain (matrix+ void). The expression of 0R  is empirical and physically take 
into account the evolution of bigger voids. 
 
   0 0 expp i peqv eqvR R a    (IV.10) 
 
Here, 
iR0  and a  are material parameters that the user identifies from experiments (see chapter 
VI). 
The most important restriction of the present model is related to the void size observation and 
measurement. Indeed, the smaller void diameter observed by Maire et al. [MAI 2008] with the 
X-ray tomography technique is identified at 5 µm. Later, Landron et al. [LAN 2012] 
demonstrated that the void nucleation and growth evolutions strongly depend on the type of 
resolution employed to observe the ductile damage. Indeed, the work revealed that the 
detection of all voids (including small void size) depends on the resolution level of X-ray 
tomography as seen below. The volume of the smallest detectable cavities at around 10 µm
3
 at 
low resolution leading to a diameter of 4µm under which the void cannot be detected 
 
 
Figure IV.4: Qualitative comparison of visualized damage in central cubes (volume equal to 
(100 µm) ³ X-Ray tomography obtained with two different resolutions [LAN 2012] for three 
levels of equivalent strain and triaxiality T for DPI steel. 
As a consequence, the resolution has an effect on the void counting and logically on the void 
density evolution as seen in Figure IV.5 and no effect regarding the void growth. The 
presence of larger voids has lead to propose an extended ductile damage model introducing 
the void coalescence evolution (detailed when presenting the GTNBF model). 
Chapter IV  Model description 
 
~ IV.10 ~ 
 
 
Figure IV.5: Evolution of the void density in the studied sub-volumes acquired with different 
voxel sizes during the tensile test for DPI steel. 
 
IV.2.2.4 Computation of the total porosity 
 
The current section is dedicated to the computation of the total porosity introduced in the 
GTNB and GTNBF models. This method has been widely published [BEN 2010-2010a-2011-
2011a-2012]. The main work is to reproduce accurately the porosity evolution integrating the 
experimental observations of Maire et al. [MAI 2008] and the analytical void density and size 
evolutions proposed by Bouaziz et al. [BOU 2008]. 
The method consists in substituting the evolution of the real material composed of martensite 
and ferrite by the evolution of an equivalent virtual material as seen in Figure IV.6. 
 
Figure IV.6 shows the evolution of a Representative Volume Element (RVE) of the real and 
the virtual materials between two instants t1 and t2. The real RVE is chosen as the minimum 
material volume containing the entire microstructure materializing the Dual-Phase steel. The 
complex evolution of the number and the size of voids in the real material are replaced by the 
evolution of the number of identical voids N, which have the same radius R. This mean radius 
applies to both voids that were already present and those who just nucleated (see Eqs. (IV.8)). 
The mean radius evolution is computed by (IV.9). 
 
Average axial strain
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Figure IV.6: Different stages of the modeling of the porosity evolution [BEN 2012]. 












vV  is the total volume of voids, mV the volume of the matrix. 
The evolution of the porosity f constitutes a state variable depending on N and R. 
 
Hereafter, the second part of this section illustrated how the porosity evolution is integrated in 
the GTNB model and its extension (GTNBF model). The method adopted in the ductile 
damage can be pictured with the final line representing the equivalent single void sketch at 
two instants t1 and t2 (see Figure IV.6). In this approach, the real population of voids is 
replacing by one single equivalent void. This void has the same volume than the sum of the 
volumes of the different voids defining the real population. This idea permits to integrate the 
homogenization model used by Bouaziz et al. [BOU 2008] and other authors [ZHA 2001] 
[XUE 2008]. The homogenization modeling stipulates that the increase of the void volume 
fraction is accumulated of the existing voids is and homogenized as one void. In other word, 
the volume of an equivalent single void is the same as the total volume of N identical voids. 
With this idea, the equivalent mean void radius eqvR  can be expressed as: 
 
3
eqvR N R  (IV.12) 
 
When replacing N (Equation (IV.8)) and R (Equation (IV.9)) in the equation (IV.12), one can 
easily notice that eqvR  depends on the triaxiality T and the equivalent plastic strain
p
eqv . It is 
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also to see that the nucleation evolution predicted by Bouaziz et al. is integrated in the growth 
of the equivalent mean void radius. 
The integration of the evolution the porosity f  can be found by using the plastic 
incompressibility of the matrix and the associated plastic normality law defining the plastic 
flow rule as following: 
 
 
0   if   0
   













Where  is the plastic multiplier.   is adjusted at any given plastic strain rate 
p
  to ensure 
that the ratio pF    cannot leave the yield surface during plastic deformation. pF  is the 
anisotropic yield function [BEN 2012] (see Eq. (IV.1)). 
The porosity f  can be modeled by replacing the expression of the equivalent mean radius 




















In the initial Gurson model [GUR 1977], the void volume fraction rate for growth step 
remains the one defined in GTN approach and linked to the incompressibility of the matrix: 
 
   1 pgf f tr    (IV.15) 
 
The Gurson's assumption imposed that mV the volume of the matrix remains constant during 
the loading, which means: 
 
0mV  . (IV.16) 
 











The evolution of the total void volume is related to the evolution of the equivalent mean void 
radius by the relationship: 
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Ben Bettaieb et al. [BEN 2011] has shown that the normality law can be separated in spherical 
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 (IV.20) 
Using the yield function established in Eq. (IV.1) with the last equation and after some 


















































To guarantee the plastic incompressibility of the matrix and the validity of the above 
evolution law Equation (IV.22), parameters 
1q  and 2q  must vary. Due to the availability of 
this extra equation, one of the parameters q1, q2 and q3 do not need any more to be postulated, 
but can be calculated at any time as a state variable.  An explicit evolution equation is not 
available, but this parameter is calculated in order to verify Equation (IV.23). With the 
purpose to obtain a unique set of parameters 21,qq , a second assumption is adopted: q2 is 
chosen as the parameter to be calculated with this approach, and the two other parameters are 
determined as 
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The parameter    is now a state variable in order to take into account and reproduce the 
experimental results of the void nucleation Eqs. ((IV.8), (IV.9)) as well as to be consistent 
with the plastic incompressibility of the matrix. During this study it has been noted that the 
evolution of    is slow and its value stays close to 1. The relationships in equation (IV.23) are 
kept along the loading in respect of Tvergaard and Needleman [NEE 1987]. 
 
IV.2.3 Experiments and GTNB model comparisons 
 
While building the GTNB model, Ben Bettaieb had no full access on all damage evolution 
data measured by Maire et Bouaziz on the flat square specimen made of the DPI steel. 
Therefore, it was not possible for him to provide a complete comparison between his 
contribution and the experimental damage measurement. The present section has the ambition 
to complete the previous study [BEN 2012] in the aim to verify the GTNB model and propose 
some enhancements. 
The study used DPI steel sample cut from a 3 mm thick sheet obtained by hot rolling and 
thermal treatment. The thickness of the sheet was reduced to 1 mm and a smooth specimen 
was obtained using an electro discharge machine (Figure IV.7a). The sample has three planes 
of symmetry, and for this reason only one eighth has been meshed. A tensile loading was 
submitted on the rolling direction coinciding with the tensile direction. Figure IV.7b shows 
the finite element mesh. A 3D element from Lagamine FE code contains each eight node. A 
refined mesh was generated near the minimum section where large strain gradients are 
expected, while a relatively coarse discretization was used in the rest of the specimen where a 
rather uniform deformation is expected. 
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a) b)  
Figure IV.7: a) Geometry of the sample (dimensions in mm), b) Mesh of the flat sheet square 
specimen for DPI steel 1mm thick. 
 
The material parameters of the matrix corresponding to the DPI steel are defined in Table 
IV.1. 
 
Table IV.1: Elastic, anisotropic, damage material parameters for GTNB model, corresponding 
to the considered DPI steel. 




A comparison between the numerical simulations and the experimental measurements is 
presented identical with the one performed by Ben Bettaieb [BEN 2012]. This comparison is 
conducted at two different scales. At a global scale, the accuracy of the assumptions used by 
Bouaziz et al. [BOU 2008], Maire et al. [MAI 2008] is checked and the prediction of the 
Element at the Right edege
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DPI steel 0.001 1.5 1 2.25 0.8 5000 2.35 0.25
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evolution of a mean value of the triaxiality in the minimum cross section is compared with the 
experimental results (Figure IV.8a). At the local scale, the distribution of the damage over the 
necking section is compared to the experimental results (Figure IV.8b). Different levels of the 
true strain in the minimum cross section: at 0, 0.17, 0.5, 0.72, and 1. are visualized. The void 
density and the porosity evolution are analyzed (Figure IV.8c) at the center of the specimen 
where plastic strain is maximum and the surface (minimum value) see isovalues in Appendix 
(D.1). 
 
The experimental triaxiality defined previously with Eq. (IV.7) is compared to the surface 
average of the triaxiality simulated with the GTNB model in Figure IV.8a for the same DPI 
steel. This comparison shows that the simulated curve is very close to the experimental curve. 
However, the experimental curve continuously rises at 0.17 of axial strain (critical strain when 
the void nucleation is activated) whereas the simulated one beginning to show some stabilities 
at around 0.7 of axial strain. In a global scale, the triaxiality simulation is validated with this 
result obtained for a square specimen. 
 
A good agreement has been found when comparing the predicted damage state variables 
evolution with the experimental curve. However, some significant differences between them 
can be pointed out. The void density and the porosity f evolutions respectively shown in 
Figure IV.8b and Figure IV.8c remain uniform before the necking and suddenly becomes very 
heterogonous with a maximum value reached at the center of the sample (see Appendix 
(D.1)). This observation has been also confirmed in the study of Ben Bettaieb [BEN 2012]. 
Suddenly at around 0.6 of axial strain a strong increase can be observed after the necking 
occurs Appendix (D.1). After the necking, the damage continues to rise at a strong pace until 
attempting its maximum where the plastic strain and the triaxiality reach their maximum. It is 
noticed that after the necking apparition, the simulation fit less the experimental curve. 
This analyze is particularly true for the porosity evolution in function of the axial strain. The 
graphic (Figure IV.8c) represents the evolution of the porosity extracted from the experiment, 
and the one from the GTNB model. 
 
The comparison clearly concludes that the GTNB model alone is able to predict the 
nucleation and void growth evolution before the necking occurs. Unfortunately, the model is 
not reliable after the necking. The porosity evolution comparison confirms the importance of 
taking into account the coalescence modelling in the ductile damage model build by Ben 
Bettaieb et al. [BEN 2012], initially validated for the void nucleation and growth evolutions. 
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Figure IV.8: Simulation and experimental results comparison of a square flat sheet loaded in 
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IV.3 GTNB model extension (GTNBF) 
 
The GTNB model has been previously described. It uses an anisotropic plastic formulation 
(Hill yield function) coupled with isotropic as well as kinematic hardening. It predicts well the 
evolution of the damage in a smooth tensile sample. The numerical predictions have shown a 
global agreement with the experimental results such as the evolution of average triaxiality, 
evolution and distribution of damage. However, the GTNB model has shown a weakness 
when comparing the porosity evolution with the experimental results. The model predicts well 
the porosity before the necking and felt to fit the curve after this event. Therefore, the 
introduction of the coalescence phenomenon in the GTNB model is needed to complete the 
ductile damage mechanisms proposed by the GTNBF model. 
The GTNBF model is similar to GTNB model presented in section IV.2. However, a new 
nucleation function is proposed introducing the triaxiality influence extending the model to 
various geometries and DP steel grades. The model takes into account the kinematic 
hardening effect by including the backstress in the nucleation law. Indeed, a previous 
parameter study from Ben Bettaieb [BEN 2012] has shown that the kinematic hardening 
increases the plastic strain and the triaxiality and also the damage in the necking section. 
This advanced physically-based model in line with the experimental X-Ray tomography 
measurements [LAN 2011] using high resolution is a good opportunity to complete the GTNB 
model by proposing a GTN coalescence model followed by a fracture initiation prediction 
focused on DP steels. 
IV.3.1 Landron's physically-based void nucleation and growth 
 
IV.3.1.1 Experimental measurements from Landron et al. 
 
The experiments conducted by Landron during her PhD thesis are almost similar to the one 
realized previously by Maire et al. in the ID15 beam line at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France [MAI 2008]. The same technique and 
equipment measurement are used. Indeed, Landron [LAN 2011] as well as Maire et al. 
quantified the ductile damage during the in situ tensile test provided by the X-ray 
microtomography analysis. As other authors [BUF 1999], [MAR 2000], employed this 
experimental method to image and quantify the microstructure of the materials. Also, in 
previous studies Maire & Bouaziz [BOU 2008], Ben Bettaieb et al. [BEN 2012], Fansi et al. 
[FAN 2013] underlined a strong inhomogeneous nucleation distribution after necking at the 
minimal cross-section during a uniaxial tensile test performed on DPI steel smooth specimen. 
As already known, this steel contains hard martensite islands embedded in a ductile Ferritic 
matrix and it is particularly submitted to void nucleation mechanism. According to 
Steinbrenner et al. [STE 1988] and Avramovic-Cingara et al. [AVR 2009], this is due to the 
interface ferrite/martensite decohesion. Landron extended the work of Maire and Bouaziz (see 
GTNB model description) by improving the damage understanding. Motivated by modelling 
the three steps of the ductile damage process (void nucleation, grow and coalescence), the 
experiment was lead with different specimen geometries (smooth square, cylindrical and 
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various notched specimens) to characterize the strong effect of the triaxiality on damage. 
Convinced by the effect of the volume fraction of martensite on the nucleation mechanism, 
Landron et al. [LAN 2011] observed and quantify the void nucleation evolution on various 
dual-phase grades containing 0%, 11%, 62%, and 100% of hard martensite islands. Moreover, 
the same experimental study confirmed the influence of the resolution during the observation 
and the counting of the voids. Therefore, a voxel size of 1.6µm was used to compare with the 
bigger resolution used by Maire et al. [MAI 2008]. 
 
Several quantities were measured during the tests and used for the validation of the GTNBF 
model such as: 
 
 The minimal cross-section radius (rsection) and the notch radius (rnotch). 
 The applied force ( F ) device. 
 The number of cavities in a fixed spatial volume located at the center of the specimen 
of dimensions 0.3×0.3×0.3mm
3
 (Fig. II.9c) in chapter II) at each step of deformation. 
 The porosity f, the mean void radius R corresponding to the assumption of identical 
spherical voids, and the mean inter-void distance . 
 
More details are given when tackling the material parameters identification in chapter V. 
 
IV.3.1.2 Landron's void nucleation law 
 
Qualitative observations and quantifications through tomography measurements of the void 
nucleation launched by Landron brought a better understanding of the nucleation mechanism 
for DP steels [LAN-2011-2012]. As previously mentioned, her study mainly attributes this 
mechanism to the decohesion of the interface ferrite-martensite. Landron and co-workers 
quantified and modeled the void nucleation kinetics at the ferrite-martensite interface and by 
fracture of martensite islands. The Argon criterion [ARG 1975] has been used. According to 
[LAN 2012], it is defined as a critical stress criterion: void nucleation occurs when a critical 
stress state necessary to generate interface decohesion is reached in the material. This stress 
state involves a contribution of the hydrostatic stress m  and the equivalent stress eqv  as 
following: 
 
c m eqv     (IV.25) 
 
Where c is the critical shear stress value that the martensite/ferrite interface can support 
without breaking. 
Argon criterion take into account the triaxiality defined by /m eqvT   . With this knowledge 
the critical shear stress expression c becomes: 
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 1c eqv T    (IV.26) 
 
In the expression above, Argon [ARG 1975] originally took the stress factor T  as the 
macroscopic triaxiality. However, in the DP steels, the decohesion process occurs at the 
interface ferrite-martensite. According to Helbert et al. [HEL 1996-1998-1999], local 
triaxiality is higher at the interface because of the backstress X  generated by the difference 
in mechanical behaviors of the two phases. In DP steels, the difference between the 
mechanical behavior of ferrite and martensite is quite high. Therefore, it would be better to 
use the local triaxiality at the interface decohesionT . This microscopic stress factor can be 











    
 (IV.27) 
 
Where the backstress X  is a scalar estimated from Allain et al. [ALL 2008] as a function of 
the respective hardness of martensite 
martensiteHV  and ferrite ferriteHV  (see function below). 
 
 3(1 )decohesion martensite martensite martensite ferriteX f f HV HV      (IV.28) 
 
martensitef is the volume fraction of martensite. 
 












       
 (IV.29) 
 
According to Avramovic-Cingara et al. [AVR 2009], void nucleation in DP steels occurred 
during the entire deformation process, i.e., each single interface probably exhibits a different 
value of N  which is the critical value of the strain for which nucleation starts (the same as 
Bouaziz et al law, seen section IV.2.2). After the critical strain value, interface decohesion 
continues progressively and constraining the evolution of the void density to be modeled as a 
function of strain. Landron proposed an analytical expression of the kinetics of void 
nucleation (predicting the evolution of the void density N ) to fit the experiments based on the 


















Where B and N0 are material constants. 
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Figure IV.9 depicts the comparison between the fitted curve and the experimental points 
obtain with smooth and notched specimens for DPI steel.  
 
Figure IV.9: Comparison of the prediction of the nucleation model and experimental data for 
DPI steel [LAN 2012]. 
 
Unfortunately, the analytical expression cannot be directly integrated in the GTNB model 
because of the backstress dimension definition. Indeed, the GTNB model integrates the 
backstress as a tensor X  (3-dimensions) through the kinematic hardening law from the 
modified Frederic Armstrong law (Eq.(IV.3)) while the Landron kinetics of void nucleation 
defines a backstress as a scalar X  (1-dimension). The Landron expression has to be modified 
to be implemented in the finite element code. 
 
IV.3.1.3 Landron's void nucleation law in GTNBF model 
 
The present part is dedicated on finding a numerical solution to the one- dimensional 
backstress issue related to Landron's void nucleation expression. 
The first step consists to adapt the one-dimensional void nucleation variable to those 
corresponding to the 3D coordinate system require by the GTNB model. Therefore,   and 
X   have been replaced by the quadratic Hill equivalent stress  eqv   and shifted 
equivalent stress  eqv X   , respectively. 
The one-dimensional Landron void nucleation evolution becomes: 
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The expression above can be simplified by introducing a proposed triaxiality
BT . It offers a 
reasonable generalization to 3D of the original one-dimensional expression of the nucleation 
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 (IV.32) 
 
BT is a triaxiality definition that makes use of this particular form of the equivalent stress. 
This hybrid triaxiality formula neglects X effect on mean stress 
m  but takes it on equivalent 
stress  eqv X   . It has been checked by extensive tests with virtual material parameters 
(however still with physical significance) that ( )m   or ( )m X    are always close as X 
always remains mainly deviatoric. This will be discussed in chapter VII when describing the 
potentialities and the limitations of the GTNBF model. 
 
Finally, Landron et al. [LAN 2011] one-dimensional void nucleation is implemented in the 
GTNBF model as:  
 
 














   (IV.33) 
 
IV.3.1.4 Huang's void growth law 
 
As already mentioned in Chapter III, Landron et al. [LAN 2011] measured with more 
accuracy the void growth step. The modeling of this damage part has been realized by 
measuring the evolution the mean diameter of the 20 largest cavities in the DP steels. 
Although it was observed that the void shape changed during the tensile test (initially 
spherical, prolate at the end), the strong assumption of no modification of shape during 
loading has been applied in the model. Indeed, the initial spherical void shape remains until 
the total fracture occurs. 
 
The experimental contribution of Landron et al. [LAN 2011] validated at different triaxiality 
states the Huang correction in the classical Rice & Tracey [RIC 1969]. A significant 
improvement on the growth kinetic model has been seen by introducing the Huang 
contribution (see Figure IV.10) in the Bouaziz's kinetic law presented in section IV.2.2.3 (Eq 
(IV.9)).  
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Figure IV.10: Comparison of the prediction of the Bouaziz [BOU 2008] correction applied to 
the Huang’s model and the evolution of the mean equivalent diameter measured over the 
entire void population for the DPI steel [LAN 2011a]. 
The evolution of the mean void radius R is defined by the Rice and Tracey model [RIC 1969] 
modified by Bouaziz [BOU 2008], Maire [MAI 2008], and Huang [HUA 1991] to take into 
account nucleation and different void sizes: 
 
 
























The second term in Eq. (IV.34) is the reduction of the average radius of the cavities due to 
nucleation, as compared to the initial Rice & Tracey [RIC 1969]. Indeed, it is easy to check 
that Eq. (IV.34) reduces to the classical Rice and Tracey model when the nucleation rate dN is 
equal to zero. In Eq. Eq. (IV.34) H is a material constant introduced by Huang [HUA 1991] 
in order to fit the model to experimental values. 0R is the initial mean radius of cavities, at 
nucleation. 
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IV.3.2 Void coalescence law 
 
The proposal of Tvergaard and Needleman [TVE 1984], [NEE 1987] to take into account the 
coalescence phenomenon has been chosen. The yield function presented in Eq. (IV.1) is only 
valid for void volume fraction (Figure IV.11: ) below a critical value cf  and is now modified 
when cf f  through the function  
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  (IV.37) 
 
and ff  is the ultimate value of void volume fraction when the material completely fails. 
Initially assumed determined by experiments, this 
*
ff  value was indeed a hard parameter to 
define. Additional fracture initiation modeling performed by Abendroth et al. [ABE 2003] as 
well as numerical investigation of coalescence event lead these authors to an expression for 
*
ff (see Eq. (37). 
 
Figure IV.11: Schematic plots 
*,f f  (left) adopted in GTNBF model stress responses of a 



































Without  Eq IV.36-37
With  Eq IV.36-37
Without  Eq IV.36-37
With  Eq IV.36-37
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This coalescence model implemented in the GTNBF model has been tested with the previous 
smooth square flat sheet made of DPI steel. The same simulation procedure as the one 
performed in section IV.2.3 has been computed with the same material parameters. The 
material parameters for the coalescence model are listed in Table V.3 in chapter V. The 
porosity evolution measured by Maire et al. [Maire 2008] in function of the axial strain is 
compared with the GTNB and GTNBF model results, in Figure IV.12 The simulation with the 
coalescence model (GTNBF model) fits better the experimental curve especially when the 
axial strain is above 0.7. This deformation state shows a strong necking and a high number of 
voids in the 3D image as seen in Figure IV.8b. This comparison confirms the importance of 
integrating the coalescence model in the GTNBF model. 
 
Figure IV.12: Simulation and experimental porosity f results comparison of a square flat sheet 
loaded in tensile direction for DPI steel. 
 
IV.3.3 Fracture initiation modelling 
 
The phenomenological void coalescence law presented in section IV.3.2 is often used for its 
simplicity to detect the fracture initiation in a specimen with satisfactory results [ZHA 2001], 
[ABE 2003], [XUE 2008], [RAM 2010]. However, the transition between the beginning of 
the coalescence and the complete material failure is extremely rapid and brutal and still poorly 
known. Once coalescence is detected within one element, its stiffness is strongly reduced 
trough the effect of f

. Consequently its strain strongly increases and often its shape quickly 
evolves. Once a true necking is predicted the ratio of element planar edges increases, its 
thickness decreases and the quality of the element prediction becomes poor. 
In order to illustrate this issue, let us consider the cup drawing process defined in Figure 
IV.13 [LI 2012]. Sheet metal forming by deep drawing is usually the most often chosen 
manufacturing process used in steel industries. During this process, a constant blank-holder 
force of about 333kN is applied on the blank sheet (300 x 300 mm²), while the punch 
(diameter of 75mm) travels downward and draws the 1.5mm thick blank into the die cavity 
Axial strain 










Experiment (Maire &Bouaziz 
[MAI 2008] [BOU 2008]
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(type D792, clearance 4.2). A Coulomb friction coefficient value of 0.13 has been introduced 
in the finite element model to characterize the lubricant named as Quaker 6130 which was 
applied to all the contact surfaces. In the present study a square punch cross-section has been 
designed. Corresponding die and blank-holder were employed to match the punch geometry. 
 
Figure IV.13: Schematic of a Deep drawing forming process [LI 2010]  
 
The material is the DPIII steel, the material parameters are given in Table.V.2. For this 
problem, the condition ff f  is simultaneously reached for an entire range of elements 
located at the punch radius. 
Figure IV.14: b shows that the elements impacted by the coalescence stage introduced in the 
GTN model are distorted just after reaching the ultimate volume fraction value ff . The 
sudden rise of the void volume fraction makes difficult an accurate detection of the exact 
location of fracture initiation area. 
a) b)  
Figure IV.14: Visualization of elements impacted by the coalescence stage during the 
simulation of a cup drawing with a GTN model: a) at ff f ; b) at ff f  (within the red 
elements).  
 
One contribution of GTNBF model is to bring some physic within Tvergaard & Needleman 
proposal [TVE 1984] by coupling it with microscopic observation to improve the accuracy of 
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the fracture initiation area. An additional fracture initiation model has been included in the 
GTNBF by integrating the measurement of the mean distance between two cavities ( ) 
provided by Landron [LAN 2012]. Figure IV.15 illustrates the two and the three-dimensional 




Figure IV.15: Spherical voids distributed in two-dimensions (left) and three-dimension (right) 
space. 
 
Based on the hypothesis of uniform distribution of identical spherical voids in a three-
dimensional domain, the inter-void distance  can be expressed through the geometrical 
relation [LAN2011]. 
 
    
 
    
    (IV.38) 
 
Where: 
   quantifies the numerical void density (number of voids per mm³) related to L (center 
to center average inter-cavities distance) by
31V N L  . 
   represents the mean void radius of the voids within the studied spatial volume. 
 
The in-situ porosity measurements of Landron [LAN 2011a] (better described in Chapter 
VI) are performed within a fixed spatial domain located at the center of the specimen, of a 
volume of 0.3×0.3×0.3mm
3
. Landron [LAN 2011a] measured the whole void size 
population during the tensile loading of a notched specimen and found out that the mean 
radius of cavities can be assumed constant and equal to    (see Figure IV.16). 
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Figure IV.16: Evolution of the mean void diameter for the entire cavity population, the 50 and 
the 20 largest cavities (DP steel) [LAN 2012]. 
 
The porosity f  can be defined by the numerical void density N , and the mean radius of the 
voids: 
 
   343
voidsVf N R
V
   (IV.39) 
 
The experimental determination of the average inter-cavities distance value (  ) before 
fracture helps to define the fracture initiation criterion for DP steel as a post processing state 
variable. When the distance between two cavities is equal or less than a threshold     Eq. 
(IV.38) the material is assumed cracked during the uniaxial test. 
 
      (IV.40) 
 
   is the ultimate average inter-cavities distance before the material completely fails. 
 
The strong interest of this criterion is that it provides a physical way to determine void 
volume fraction when the material fails ( ff , see Eq (IV.36)) which is too often identified by 














    
 (IV.41) 
 
The important contribution is here the physical meaning of ff . Usually value of ff  is 
phenomenological and a precise material parameter identification campaign has to be launch 
for each DP steel. It is not the case for the GTNBF model. Indeed thanks to Landron 
Average axial strain
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measurement of the average inter-cavities distance operated on various DP steels, a single 
value of     as been identify for all DP studied steels. Figure IV.17 depicts the evolution of   
in fonction of the axial strain for varoius volume fraction of martensite. The distance inter-
cavities decreases differently from a material to another. The ultimate average inter-cavities 
distance has been chosen at about 20 µm for all studied DP steels. 
 
Figure IV.17: Evolution of λmean with the deformation for the studied steels [LAN 2011]. 
 
This equation of the ultimate porosity value is different from the one using the classical 
metallurgical method based on Rostoker et al. [ROS 1965], Brown & Embury, [BRO 1973] 













   
 
 (IV.42) 
Where 0R  is the mean radius of voids and measured in a plan (2D). 
Because Landron measured [LAN 2011] with accuracy     in 3D and for various DP steels, 
our choice is focused on Eq (IV.41) and integrated in the GTNBF model. The ff value is 
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IV.3.4 Flowcharts of the extended GTN models 
 
In order to summarize the proposed model and its past evolutions, this section gives an 
overview of the GTN, GTNB, and GTNBF models. The flowchart components, captured 
below, only focused on the constitutive equations. The computational and the numerical 
integration of the constitutive models will be discussed in chapter VI when describing the 
finite element model implementation. 
 
 
Figure IV.18: Flowcharts of GTN, GTNB, and GTNBF models (with new contributions in red 
color), Equation numbers referees to current chapter. 
 
For future reference during the next chapters, the full GTNBF model is summarized hereafter, 
based on the developments introduced during the last two chapters. The model is composed of 
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Equation name Equation 
(1) The strain decomposition e p     
(2) The elasticity law :
e e
C   
(3) 















       
 
 
(4) The plastic flow rule 
0   if   0
   













The isotropic hardening 
(Swift) law  0
n
p
y mK     
(6) 
The kinematic hardening 
(modified Fredericks-
Armstrong) law 
   ** **11 ;    p px sat eqvX q f X X C S X      
(7) 
The macroscopic equivalent 








The work equivalence 
principle 
 : 1p py mf      
(9) 
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(10) 
Landron et al. void 
nucleation law 
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This chapter presents extensions of the GTNB model to the GTNBF one. This enhancement is 
based on damage data often difficult to find in literature. The new damage formulation is 
physically-based on in-situ high resolution X-ray tomography technique (Landron et al. [LAN 
2008]). A better description of the three ductile damage stages (nucleation, growth, 
coalescence) adapted to DP steel has guided all the developments of the GTNBF model. 
 The first contribution of this model is a new kinetic law of void nucleation to compute 
the void density evolution. This model based on Bouaziz and Maire works [BOU 
2008] integrates the backstress tensor and the triaxiality factor. The question of the 
form of the triaxiality factor has been investigated by proposing other definitions 
(described in section IV.3.2). 
 The second improvement concerns the growth model. The experimental contribution 
of Landron et al. [LAN 2011a] validates at different triaxiality states, the Huang 
correction [HUA 1991] in the classical Rice & Tracey [RIC 1969]. After modifying 
the classical model Landron introduced it in the previous Bouaziz's kinetic law used in 
the GTNB model. The evolution of the mean void radius R is defined by the Rice and 
Tracey model [RIC 1969] modified by Bouaziz [BOU 2008], Maire [MAI 2008], and 
Huang [HUA 1991] to take into account different void sizes in the DP steel. 
 The third enhancement is the coalescence stage. The coalescence event has been 
precisely observed and quantified by Landron. Accurate information was provided by 
the use of a high resolution observation technique and some statistical corrections for 
the measurement of the void radius. The modeling of this phenomenon used the GTN 
proposal of Tvergaard & Needleman [TVE 1984] added with an experimental 
identification of cf  and ff  respectively critical and ultimate porosity values. This 
contribution is further explained in chapter V (material parameters identification). 
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Chapter V.  Material parameters  
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For the purpose of properly evaluating the contributions of the GTNBF model, this chapter is 
dedicated to the identification of the material parameters required before running the finite 
element simulation. 
The first section presents the constituting the elastic-plastic parameters obtained with 
ArcelorMittal experimental procedures. 
The second section is dedicated to the damage parameters which have been found in the 
literature review or by the previous work of Ben Bettaieb ([BEN 2011], [BOU 2008], [MAI 
2008]). 
Then, this section ends by describing the large part of the damage and fracture parameters 
identification specific to the GTNBF model. The experiments used for the identifications have 
been realized and presented by Landron during her PhD thesis [LAN 2011a]. 
The damage parameters related to the void nucleation, growth and coalescence stages have 
been carefully discussed and compared to the previous Bouaziz & Maire damage modeling. 
This step was necessary to separate the mechanical, metallurgical and physical contributions. 
Next step of the work was focused on finding mathematical relations between the damage 
parameters to reduce their number before numerically integrating them in Abaqus-explicit 
code. 
Finally, the parameters have been compared when available to those found in the literature 
review on the studied DP steels. The research cooperation with the research team from INSA 
Lyon (Landron and Maire) has been fructified by the publication of a paper illustrating the 
numerical integration of damage quantities from 3D X-ray tomography testing in the 
advanced GTN model for DP steels [FAN 2013]. 
V.1 Elastic-plastic parameters 
 
V.1.1 Elastic parameters  
 
The elastic parameters defined by the Young's modulus (E) and the Poisson's (ν) coefficient 
have been deduced from tensile test curves (stress-strain) with a mechanical or laser 
extensometer (Figure V.1a) and by resonance method (Figure V.1b). The second 
measurement technique using a piezoelectric ceramic is the most accurate and reproductive 
method. The specimen is excited to obtain a vibration corresponding to its own resonant 
frequency which is proportional to the Young's modulus (E) [GEO 2003]. 
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Figure V.1: Determination the Young modulus means of, a) Tensile tests (for a given strain, 
one can define a tangent and a secant modulus during loading or during unloading), b) 
Resonance method using a piezoelectric ceramic [GEO 2003]. 
Several assumptions have been taken when using the elastic parameters in the damage models 
(GTN, GTNB, and GTNBF). The first hypothesis is to consider that these values are identical 
for the studied DP steels [PAD 2008], and the second is to admit that they remain constant 
during the simulation. 
Considering the GTNBF model conditions, the Young's modulus (E) and the Poisson's (ν) 
coefficient have been measured respectively at 210 GPa and 0.35 for the studied DP steels. 
V.1.2 Anisotropic plastic parameters  
 
Steel manufacturers usually see two phenomena, characteristics of the anisotropic plastic after 
the combination of the cold rolled steel sheets and the water cooling (see Figure V.2): 
 The surface is hardened, leading to a greater stiffness and resistance in the thickness 
direction. 
 The microstructure is reoriented in the rolling direction. 
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Nowadays these phenomena are well known by steel manufacturers and researchers [LOV 
200], [CAL 2010], [PER 2010], [KAD 2011] who require not an isotropic yield surface such 
as von Mises coupled with damage modeling (initial Gurson model) but a coupling with a 
more complex yield surfaces to take into account the microstructure and the texture evolution 
in DP steels during the sheet-forming process. Most finite element software propose isotropic 
or anisotropic plastic yield surface such as Hill'48 but rarely couples them to a damage model. 
Recently, Ragab et al. [RAG 2002], Brunet et al. [BRU 2001], Benzerga et al. [BEN 2001], 
Monchiet et al. [MON 2006] demonstrated the importance of introducing the plastic 
anisotropy like Hill'48 in the Gurson model. Considering these contributions, the present part 
gives some details about the identification of the plastic anisotropic parameters used in the 
GTNB and GTNBF models. 
As already presented in the chapter IV, the anisotropy is introduced in the advanced GTN 
models by the quadratic Hill'48 matrix H  and the Benzerga & Besson [BEN 2001] parameter 
  reflecting the influence of the plastic anisotropy. Both are defined as a function of the 
Lankford coefficients 0 45 90r ,  r ,  r  [LAN 1950] (Chapter IV; Appendix(B.1). From a pragmatic 
point of view, a simple quantification of these three coefficients corresponding to the rolling 
direction (0°, 45° and 90°) allowed to estimate: 
 The anisotropic equivalent shifted stress (Chapter IV; Eq(IV .1) and Appendix(B.2). 






 The anisotropic yield function [BEN 2011]. 
The Lankford coefficients have been obtained by performing tensile tests for each of the three 
studied AHSS materials (DP I, DP II and DP III). It is necessary to prepare at least three 
samples at each of the three orientations (0°, 45° and 90° with respect to the rolling direction, 
see Figure V.3). 
 
Figure V.3: Tensile specimens corresponding to the rolling direction 0°, 45° and 90° [YOS 
2012]. 
The scalar coefficients 0 45 90r ,  r ,  r  representing the normal plastic anisotropy is a ratio between 
the width and the thickness strains. For each DP steels, the strain ratio (  rolling directionr ) in each 
direction is calculated (see Figure V.4 and Equation (V.1) ). 
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Figure V.4: Definition of the normal anisotropy, r , in terms of width and thickness strains in 
a tensile-test specimen cut from a rolled steel sheet (adapted [KAL 2008]). 
 







     (V.1) 
The ratio 0 ,45 90orr     is calculated with the width strain w and the thickness strain t . 
 
V.1.3 Isotropic hardening parameters 
 
The most used and easy to implement is the standard uniaxial tensile test. The same test is 
often performed with local measurement by digital image correlation (DIC) method (Aramis 
(see chapter VIII), Vialux,...). Figure V.5 compares the predicted and the experimental stress-
strain curve for the standard tensile test in the rolling direction at small strain for DPI steel. 
The isotropic hardening parameters identification must be done in a larger strain than those 
obtained in Figure V.5. 
Thereby, more complex loading tests are conducted by steelmakers for instance; stacked 
compression test, bulge test, biaxial tensile test, or uniaxial tensile test prerolled flat sheet. 
 
 
Figure V.5: Axial stress-strain curves comparison between the GTNBF model prediction and 
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At large plastic strains, the selection of an appropriate hardening model is a key factor for  
accurate sheet-forming FE simulations. ArcelorMittal [LEM 2011] pragmatically used a 
combination of two classical isotropic hardening models named as the S–V model (see 
equation (V.2)) standing for the saturating Voce model and the Swift power law [OLI 2005]. 
 
 




K C              (V.2) 
Where K, n, ε0, and 0 , ,sat RC   are material parameters for the Swift and Voce models.  is a 
numerical parameter to better fit the model to the experimental curve. 
The model parameters are identified with respect to standard tensile tests, and compared to 
experiments that allowed much larger plastic strain levels (i.e., uniaxial tensile test with local 
strain measurement, simple shear test, hydraulic bulge test, stack compression test, uniaxial 
tensile test after flat rolling pre-strain). 
 
Unfortunately, regarding the PhD time framework limitation, the classical isotropic hardening 
Swift power law has been chosen. In that case, a monotonic shear test has been performed to 
identify the Swift isotropic hardening parameters (K, n, ε0) without kinematic hardening 
contribution, over a wider strain range as compared to the standard tensile test. 
Hereafter, Figure V.6 compares the extended curves after uniform elongation for several 
isotropic hardening models at larger strain for DPI steel. 
 
Figure V.6: Prediction/experience comparison of extend curves after uniform elongation 
defining the choice of isotropic hardening model for DPI steel. 
The main goal of conducting a monotonic shear test is to compare and fit the Stress-Strain 
curve to the one obtained with the uniaxial tensile test. It uses a parameter resulting from least 




















Hollomon Ludwig Swift Voce S_V (Swift_Voce) Experiment (UT)
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 The best approximation of the experimental true deformation curve is between 
[0.002:εAG] or [εAE : εAG] IF εAG >0.002. This boundary is established to be near the 
curve on a large interval. 
 The Swift law passes through the point {εRP0.2 : RP0.2} or { εAE : RE}. This interval is 
settled to better describe the beginning of the curve. 
The method permits to define the Swift parameters for the GTN model and another one for 
the GTNBF model where a mixed hardening law (isotropic and kinematic hardening) is used. 
 
V.1.4 Kinematic hardening parameters 
 
As seen in previous chapters, the Dual-Phase steel shows significant Bauschinger effect. It is 
characterized by a transient stage (early yielding strength and work hardening stagnation) and 
a permanent softening (stress offset). It is necessary to introduce a kinematic hardening law in 
addition to the Swift isotropic hardening law. The identification of the variant of the 
Armstrong-Frederick saturating model [ARM 1966] (backstress tensor function X ), adapted 
to damaged materials requires strain path reversals. 
The material parameters to determine are xC  and satS . Because a simple uniaxial tensile test 
is not able to predict the Bauschinger effect, numerous mechanical tests have been proposed 
[LEM 2008] for instance; tension–compression, simple and reversible shear or bending-
unbending tests (see Figure V.7). Our choice has been focused on the reverse shear test served 
for the identification of these parameters. 
 
Figure V.7: Reversible tests: (a) tension-compression or compression-tension, (b) reversible 
shear test, (c) pure bending-unbending, (d) 3pts bending-unbending [LEM 2011]. 
The simple and the reversible shear are described as conformed to ArcelorMittal procedure 
[LEM 2011]. 
 
Reversible shear test 
 
A simple shear test (Figure V.7b) is performed by imposing a horizontal displacement of the 
piston. The gap between grip wedges must remain constant. Since the active area of the 






Chapter V   Material parameters identification 
 
 
~ V.8 ~ 
 
the shear strain  in the middle part of the specimen, in order to increase the accuracy. The 
shear stress is deduced by the shearing force (F) divided by the length (l) and by the thickness 
(t). This value of the shear stress is the average shear stress along the specimen. The average 
shear stress is adopted as current value of the shear stress in the stress-strain correlations, with 
an error that is less than or comparable with the experimental one. A reverse test is obtained 
by imposing a displacement in one direction and then imposing a displacement in the opposite 
direction. 
The shear test allows reaching large strain level but it is generally limited by the buckling for 
thin sheet. The monotonous path of shear test reaches equivalent tensile strain values of 0.3 or 
0.5 depending on the thickness and the material. For a question of measurement accuracy, it is 
not possible to perform a small strain (< 0.04). 
Figure V.8 shows the stress-plastic strain curves after the reverse shear test for the DPIII steel. 
The comparison between the experimental curve and the Armstrong-Frederick saturating 
model (1X- 1backstress) is in good agreement. However a good prediction at the elbow is not 
sufficient and the predicted curve needs a modification by the isotropic hardening parameters. 
 
Figure V.8: Comparison of predicted flow curves for reverse shear test (SH +/-) with 
kinematic hardening and experimental test results for DPIII steel. 
V.2 Damage and fracture parameters 
 
V.2.1 GTN model 
 
The GTN model presented in Chapter III was integrated in the finite element software 
Abaqus/Explicit. However, nine parameters (q1, q2, q3, f0, fc, ff , εN, SN, fN ) are needed to 
complete the damage contribution. These have been found for all studied DP steels in a 
literature survey. The values q1 =1.5, q2 =1.0, and q3=2.25 were recommended in Tvergaard & 
Needleman [TVE 1984] and Needleman & Tvergaard [NEE 1987] investigations. These 
values are unchanged in this study. The initial void volume fraction f0, standard deviation 
(SN), mean equivalent plastic strain (εN), volume fraction of secondary voids (fN), critical void 
volume fraction (fc) and the final void volume fraction ( ff ) values are extracted from the 
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contributions of Nielsen et al. [NIE 2008] for the DPI, Ramazani et al. [RAM 2012] regarding 
the DPII, and Mishra et al. [MIS 2011] for the DPIII steel. 
 
V.2.2 GTNB model 
 
The GTNB model developed by Ben Bettaieb et al. [BEN 2011] and described in Chapter IV 
integrates the damage modeling physical-based on in-situ tensile test using X-ray tomography 
measurements method. For the first time, the porosity evolution was predicted with a 
micromechanical model extracted from 3D experimental tests [BOU 2008] [MAI 2008]. As 
already mentioned, the GTNB model requires damage parameters representing the nucleation 
and the growth stages quantified during the contribution works of Bouaziz et al. [BOU 2008] 
and Maire et al. [MAI 2008] on a square smooth specimen made of DPI steel. 
The void nucleation kinetic is characterized by the numerical void density N  (number of 
voids per unit volume) related to the triaxiality T and to the macroscopic equivalent plastic 
strain 
p
eqv . There are two parameters to introduce in the finite element simulation: A  (5000 
voids/ mm³) is a material constant and 0N  (0.8 at T equal to 0) designates the value of this 
critical strain for pure shear loading. 
 
The void growth stage is defined by the evolution of the mean void radius R related to the 
triaxiality T and the macroscopic equivalent plastic strain. It is a Rice & Tracey [RIC 1969] 
model modified by Bouaziz et al [BOU 2008]. Two material parameters have to be identified:
iR0  (2.1µm) the size of the cavities nucleating at the beginning of the deformation  and a  
(0.25) fixing the importance of the reduction of the size of the nucleating cavities with strain. 
 
These values have been obtained by fitting the void nucleation empirical model to the 
evolution of the equivalent mean diameter with the experimental points (see Figure V.9). 
These parameters values used in the Ben Bettaieb et al. damage model will be used again as a 
reference when comparing GTNB and GTNBF models. 
a)  b)  
Figure V.9: a) Measurement of the number density of cavities N  as a function of the average 
axial strain, b) Evolution with the strain of the equivalent mean radius calculated over the 
entire void population in DPI steel [MAI 2008]. 
Average axial strain Average axial strain
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V.2.3 GTNBF model 
 
The most innovative contribution of the GTNBF model [FAN 2013] concerned the damage 
modeling (Chapter IV.3). This part is designed on the Landron et al. new experimental 
investigations [LAN 2011]. During her PhD time framework, Landron identified and 
completed with more accuracy the void nucleation, the void growth, the void coalescence and 
the fracture stages for DP steels. Each stage has been quantified by using a non destructive X-
ray tomography device (ID15A beamline, see chapter II.2.2) coupled with an in-situ tensile 
test. The damage parameters have been identified in a volume reconstruction equal to 
0.3×0.3×0.3mm³ (see chapter II.2.3). Smooth and notched axisymmetric specimens (rnotch 
equal to 1mm or 2.5mm) have been machined in the steel sheet. In the case of thin sheets, flat 
square smooth specimens were machined (the same used by Bouaziz, Maire, and Bareggi 
damage quantification [BOU 2008], [MAI 2008], [BAR 2012]). The shapes of these 
specimens are shown in Figure V.10. 
 (e) 
Figure V.10: (a), (b), (c), (d), smooth and notched axisymmetric specimens. This design 
requires a thickness of the sheet of 3mm at least [LAN 2011], (e) Smooth square specimen 
used for thin sheets [BOU 2008], [MAI 2008], [LAN 2011], [BAR 2012]. 
 
The measurements have been operated with DP steels containing different percentages of 
volume fraction of martensite (from 0% for Ferrite steel to 100% for Martensite steel). 
 
V.2.3.1 Local deformation and triaxiality measurements 
 
Before identifying the damage parameters, a local deformation and the triaxiality at each 
deformation step have been estimated focusing on the central cross-section of the specimen. It 
used the classical post-processing techniques initiated by Bridgman [BRI 1945] for the 
analysis of tensile test on notched specimens. The total tensile load provided by a load cell is 
divided by the smallest cross-section area and is reported as the corresponding average axial 
stress. The number and average radius of the voids are measured in a spatial volume located at 
the center of the specimen, i.e., at the intersection of the symmetry axis with the plane of the 
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weakest cross-section. The location of this particular material point is automatically updated 
during the test. In the mean time, the current radius of this minimal cross-section is recorded 
as well as the local profile of the neck from which the local neck radius is determined [LAN 
2011a]. Due to the small dimensions of the sample and of the testing machine, the grip 
displacement cannot be reliably used as the driving parameter for the numerical simulation 
and the comparison to the experiments. Accordingly, the previously enumerated quantities 
were extracted from the numerical simulation in a manner similar to the experimental 
treatment, in order to allow a consistent confrontation of the numerical and experimental 
results (details in chapter VII). 
 
The values of the minimal cross-section radius (rsection) and the notch radius (rnotch) (Figure 
V.11) are extracted from the outer shape of the specimen. These parameters are necessary to 
calculate the axial stress, the Bridgman approximation for the triaxiality [BRI 1945] and the 
axial strain at each loading step. It is important to underline the difficulty to measure the 
minimal cross-section radius (rsection) and the notch radius (rnotch) after onset of necking. 
Indeed, at the beginning of the tensile loading the stress state is homogeneous and uniaxial in 
the specimen. However, when the necking appears, the uniaxial stress state changes to triaxial 
stress reducing instantaneously the cross-section radius. The minimal cross-section radius 
cannot be easily located. In the case of round specimen which is our case, the region at the 
minimal cross-section tends to reduce more than the region just above and below the minimal 
cross section. According to Choung et al. [CHO 2008], the region above and below the 
minimal cross-section constrains free reduction of region at the minimal cross section, and a 
triaxial stress state of hydrostatic stress develops at the region of minimum cross section. This 
hydrostatic stress does not affect plastic straining because no shear stress is involved in the 
necked region but contributes to increase the average true stress axial  for plastic flow. 
 
Figure V.11: The geometry parameters required for axial stress and triaxiality computation 
(using Bridgman’s method). 
 
The average stress calculation uses the measurement of the minimal cross-section radius of 
the specimen (rsection) and the measured force ( F ) given by the sensor during the tensile test: 
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  (V.3) 
 
The Bridgman formula for the triaxiality T was rewritten in terms of the measured rsection and 


























   (V.5) 
 
With rini and rsection are the initial and the current radii of the minimum cross-section, 
respectively (see Figure V.11). Specific post processing of the FE results was applied in order 
to use the same definitions of triaxiality, axial stress and strain during the entire test for 
consistent comparisons. 
 
V.2.3.2 Void nucleation 
 
The quantification of void nucleation during the tensile test has been possible by counting the 
number of cavities N  in a fixed spatial volume located at the center of the specimen of 
dimensions 0.3×0.3×0.3mm
3
 at each step of deformation for each percentage of volume 
fraction of Martensite (see Appendix (C)): 
 
Figure V.12 shows the evolution of the number of cavities in the studied volume (left) and the 




Figure V.12: a) Experimental evolutions of the void density in function of average axial strain 
for each percentage of volume fraction of Martensite in DP steels, b) for different geometries 
[LAN 2011a]. 





N   ( V.6) 
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According to Landron et al. [LAN 2012] cavities with a volume bigger than 8 µm³ were 
detected with the use of a voxel size resolution of 1.6 µm. Fortunately, smaller cavities size 
detection can be improved with higher resolution (voxel size of 100 nm). 
 
Consequently, the quantification of the void nucleation and the observations of their 
mechanisms (decohesion of the Ferrite/Martensite interface, and the fracture of Martensite 
islands) conducted to a new void nucleation law base on the Argon's decohesion criterion 
[ARG 1975] with the Helbert et al triaxiality expression [HEL 1998]. The expression of the 
void kinetic decohesion is presented in chapter IV 3.1. The integration of this equation in the 
GTNBF model required the identification of three material parameters: the material constants 
B, 
0N  and the critical shear stress value that the Martensite/Ferrite interface can support 
without breaking c . 
The material constants (B, 
0N ) are obtained by fitting Eq. (IV.30) to the experimentally 
measured evolution of the number of cavities for smooth and notched samples (Figure V.13c). 
As already mentioned, Landron et al. [LAN 2012] have noticed a strong influence of the X-
ray diffraction resolution on the number and average radius of the measured voids, and 
accordingly on the corresponding material parameters B (4500 voids/ mm³) and N0 (1300 
voids/mm³). However, the ratio (B/N0) appears to be almost insensitive to the resolution of the 
experimental equipment or to the sample geometry used for the experiment. Accordingly, in 
the GTNBF model this ratio is considered as a single material parameter equal to 3.46 for all 
of the simulations. 
The average value of the critical shear stress c  (Equal to 1100MPa for DPI, Figure V.13b) 
has been obtained by calculating the value of the stress at the Martensite/Ferrite interface at 
the experimentally observed nucleation strain ( N ) for a smooth specimen ( N =0.17) and 
notched specimen ( N =0.02) [LAN 2010]. The nucleation strain represents the moment when 
the void density started to increase Figure V.13a. 
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a) b)  
c)  
Figure V.13: a) Focus on the low strain region of the evolution on the void density in the DPI 
steel samples, b) Estimation of c  using the modified expression of Argon, c) Comparison of 
the prediction of the nucleation model using Argon decohesion criterion and experimental 
data [LAN 2011a]. 
 
V.2.3.3 Void growth 
 
The evolution of the void growth has been quantified by measuring the equivalent diameter of 
the 20 largest cavities (see Figure V.14a). As already mentioned in chapter IV, the track of 
these cavities is sufficient to represent the entire population. During the measurement the 
cavities are assumed spherical and remain in this shape at each deformation step, this strong 
assumption has been settled to facilitate the quantification process. In reality the evolution of 
the cavities shape depends on the tensile (Dtension) and the transversal (Dtrans) directions. Figure 
V.14b representing the evolution of the ratio W (Dtension/ Dtrans) shows that the cavities 
become more and more elongated or elliptic with a weak triaxiality influence Figure V.14c. 
The void growth evolution quantification underlines the strong impact of the DP steel 
microstructure. The increase of the percentage of the volume fraction of Martensite in the 
material increases the diameter of the cavities (see Figure V.14a). 
 
Average axial strain Average axial strain
Average axial strain
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a) b)  
 (c) 
Figure V.14: a) Evolution of the average equivalent void diameter over the 20 largest cavities 
and b) The evolution of the void aspect in the studied steels, c) Triaxiality effect on the void 
shape (W) in DPI steel [LAN 2011a]. 
 
The observations and the quantification of the cavities diameter in the studied volume allowed 
Landron et al. to enrich the void growth evolution initially proposed by Bouaziz et Maire. 
[BOU 2008], [MAI 2008]. The spherical void growth modeling modified the previous one by 
adding the Huang contribution [HUA 1991] (see Eq.(IV.35).  
This expression added another material parameter to be identified: H the material constant 
introduced by Huang. By fitting the experimental void diameter evolution with the proposed 
model, Landron [LAN 2011a] realized that a single value can be estimated independently of 
the triaxiality effect. The Huang material constant H has been identified chosen equal to 
0.55 with respect to the DPI steel. 
It is noticed that this parameter evolves with the percentage of volume fraction of Martensite. 
Indeed, the values of H  given in Table V.1 increases when the percentage of volume 
fraction of Martensite increases. 
 
 
Table V.1: Values of H  parameter required to fit the model on the experimental void growth 
curve for different percentages of volume fraction of Martensite adapted from [LAN 2011a]. 
Average axial strain Average axial strain
Average axial strain
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Due to the fact that the studied DP steels (DPI, DPII, DPIII) are in the same range of 
percentage of Martensite in the structure, the H  parameter is considered the same in the 
GTNBF model. 
 
V.2.3.4 Void Coalescence 
 
The coalescence model used in the GTNBF model is the same as the GTN model developed 
by Tvergaard and Needleman [TVE 1984], [NEE 1987] (see chapter IV.3.3). The coalescence 
model requires the identification of six parameters (q1, q2, q3, f0, fc, ff ). The initial values of 
the Tvergaard-Needleman damage parameters ( 1 2 3,  ,  q q q ) were kept unchanged from the 
previous estimation (section V.2.1). The originality of the present model is the accurate 
introduction of the initial void volume fraction f0, the critical void volume fraction fc and the 
final void volume fraction ff  based on physical measurements with X-ray tomography 
conducted by Landron [LAN 2011a]. 
The initial void volume fraction f0 has been extracted at the beginning of the measurement 
process. A constant value equal to 2×10
-5
 has been measured for a smooth specimen and 
1.2×10
-4
 for a notched specimen independently of the studied DP steels. 
 
The critical void volume fraction fc has been qualitatively and quantitatively identified by 
measuring the void volume fraction evolution in a notched specimen. The X-ray tomography 
observations have been detected at the beginning of the coalescence phenomenon at around 
0.5 strain deformation leading to a critical void volume fraction of 10
-3
 for the studied DP 
steels. 
The final void volume fraction ff  have been identified by calculating the evolution of an 
average inter-cavities distance Eq.IV.38) available until the fracture in the studied sub-
volume 0.3×0.3×0.3mm
3
. In a pragmatic way, a step deformation before the coalescence 
begins (indicated by the measurement of the void density N Figure V.15a), Landron has 
measured the equivalent diameter Deq of the 20 largest cavities (Figure V.15b). The 
experiment has been operated on a notched specimen because the voids nucleated are more 
represented and evolved faster. The experimental determination of the average inter-cavities 
distance value Figure V.15c before fracture helps to define the fracture initiation criterion for 
DP steel as a post processing state variable. When the distance between two cavities is equal 
or less than     Eq. (V.7) the material is assumed cracked during the uniaxial test. 
 
Steel volume fraction of Martensite % H  
Ferrite 0 0.22 
DPI or DP11 11 0.55 
DP62 62 1.2 
Martensite 100 1.6 
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      (V.7) 
 
   is the ultimate average inter-cavities distance before the material completely fails. Figure 
V.15c shows a value of 0.02mm for three DP steels and 0.04mm for the single-phase steels 
(Ferrite and Martensite). 
 
(a)  (b)  
(c)  
Figure V.15: a) Effect of void coalescence on the measurement of the void density, and (b) 
The equivalent diameter of the 20 largest cavities in DPI steel: c) Evolution of λ with the 
deformation for the studied steels [LAN 2011a]. 
 
The ultimate average inter-cavities distance    found at 0.02mm for (DPI steel) corresponds 
to an equivalent diameter Deq of 0.0172mm (20 largest cavities). With these values and the 
reminded Equation (V.8), it is possible to evaluate the ultimate value of void volume fraction 





















Average axial strain Average axial strain
Average axial strain
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In this chapter, the parameters necessary to identify the GTN, GTNBF models have been 
presented. First of all, the elastic parameters the Young's modulus (E) and the Poisson's (ν) 
coefficient have been deduced from a tensile test curve (stress-strain). 
 
The identification of the anisotropic plastic parameters introduced in the advanced GTN 
models with the quadratic Hill matrix H  and the Benzerga & Besson [BEN 2001] parameter 
  have been possible by measuring the Lankford coefficients 0 45 90r ,  r ,  r  from the tensile tests 
for each of the three studied AHSS materials (DPI, DPII and DPIII). The Swift law modeling 
the isotropic hardening is characterized by performing a monotonic shear test. This 
mechanical test allows the identification of following parameters K, n, ε0. The reverse shear 
test has been used to predict the Bauschinger effect by defining the material parameters xC  
and satS  constituting the Armstrong-Frederick kinematic hardening law [ARM 1966] for the 
GTNBF model. The elastic-plastic parameters identification follows the in house 
ArcelorMittal procedure using the least squares method. The author is aware that recent 
identification methods have been developed permitting better fitting. The elastic-plastic 
anisotropic parameters can be identified by using inverse method coupled with uniaxial 
tensile test performed with local measurement by digital image correlation (DIC) method 
[DEB 2009]. Instead of coupling with a uniaxial tensile test, other researchers used more 
complex loading such as biaxial tensile test [COR 2006-2007] [YOS 2012], bulge test [NAS 
2010], or indentation test [NAK 2007], [CHU 2009]. 
 
The damage parameters have been differently identified. The nine parameters (q1, q2, q3, f0, fc, 
ff , εN, SN, fN ) to enter in the GTN model has been found from the literature review: 
Tvergaard & Needleman [TVE 1984], Needleman & Tvergaard [NEE 1987] for q1, q2, q3. The 
other parameters come from Nielsen et al. [NIE 2008] for the DPI, Ramazani et al. [RAM 
2012] regarding the DPII, and Mishra et al. [MIS 2011] for the DPIII steel. 
 
The origin of the GTNB damage parameters is a legacy of Ben Bettaieb et al. [BEN 2011], 
Bouaziz et al. [BOU 2008] and Maire et al. [MAI 2008] joint research on DPI steel. 
 
The most innovative contribution of the GTNBF model concerned the damage modeling. This 
introduction has been possible thanks to Landron et al. new 3D experimental investigations 
[LAN 2011]. The void nucleation, void growth, void coalescence and fracture stages have 
been quantified by using a non destructive X-ray tomography device on flat square smooth 
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Table V.2 summarizes the material data for the GTN model for all DP steels studied. The 
Table V.3 collects the material parameters used to model the GTNBF model. It is noticed that 
the damage part for the two advanced GTN models will be applied for all DP steels used in 
the next chapters. 
 
Table V.2: Material parameters for GTN model, corresponding to the considered DP steels. 
a) Elastic-plastic 
 
b) Damage and fracture initiation 
 
 
Table V.3: Elastic, anisotropic, damage material parameters for GTNBF model, 
corresponding to the considered DP steels. 
 








Materials Elasticity Isotropic hardening initial q-values and damage 







f0 q1 q2 q3 
DPI 210
 
0.35 1111 0.224 0.0065 1×10
-5
 1.5 1 2.25 
DPII 210 0.35 985 0.17 0.003 8×10
-4
 1.5 1 2.25 
DPIII 210 0.35 1125 0.09 0.001 2×10
-5
 1.5 1 2.25 
Materials Fracture coalescence GTN nucleation law 
 fc ff  εN SN fN 
DPI 0.08
 
0.15 0.35 0.11 0.02 
DPII 0.028 0.09 0.2 0.1 0.02 
DPIII 6.81×10
-4
 0.0316 1125 0.09 0.001 
Materials Thickness Elasticity Anisotropy (Lankford coefficients) 
 (mm) E (GPa) ν r0 r45 r90 
DPI 2.5 210
 
0.35 0.85 1.04 0.94 
DPII 1.4 210 0.35 0.915 0.816 1.079 
DPIII 1.5 210 0.35 0.94 1.04 1.2 
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b) Plasticity  
 
c) Damage and fracture initiation for DPI, DPII, DPIII 
 




  is independent on X-ray resolution, B and N0 are measured for 
a resolution of 1.6µm. 








Cx Ssat (MPa) 
DPI 891 0.245 0.02 92.04 58.02 
DPII 862.95 0.194 0.006 31.44 112.98 
DPIII 741.05 0.1017 0.02 62.32 209.28 
Nucleation and growth parameters 
0R  (mm) αH B (mm
-3




) 0N  a 
0.0021 0.55 4500 1100 1300 5000 0.8 0.25 
 
Coalescence parameters Eq. and initial q-values 





 0.052 1.5 1 2.25 
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The GTNBF model implementation follows the approach developed by Ben Bettaieb for the 
implementation of the GTNB model in the implicit Lagamine FE code [ZHU 1992-1995]. A 
detailed description of the GTNB model implementation has been published in [BEN 2011-
2012]. The complete set of equations is solved by an iterative Newton–Raphson method 
[BEN 2011] [FAN 2012-2013]. In this chapter, details on the constitutive model (GTNBF) 
implementation in Abaqus/Explicit through a VUMAT user subroutine (Vectorized User 
MATerial routine) are given. Validations are provided to check the work efficiency. 
VI.2 The implementation of the GTNBF model in Abaqus/Explicit 
 
The present section describes the numerical integration of the GTNBF elastic-plastic damage 
model. This advanced GTN model modified with new physically-based damage equations has 
been implemented in Abaqus/Explicit via a FORTRAN subroutine VUMAT (Vectorized User 
MATerial) [HIB 2010],[FOR 1956],[ADA 1992],[SAN 2001]. This well known commercial 
Finite element software already integrates a number of ductile damage laws such as: the GTN 
model (see Chapter IV) [TVE 1987], the Johnson-Cook ductile damage model [JOH 1983-
1985] coupled with a phenomenological Chaboche hardening law [CHA 1983]. 
 
As previously mentioned, the GTNBF model is a legacy of the initial GTNB model developed 
within the in-house finite element (FE) code LAGAMINE, developed at the University of 
Liège over a period of 20 years [ZHU 1992-1995]. Its main advantage is its ability to directly 
add in a flexible manner new features (constitutive laws, finite elements, remeshing 
procedure…). 
The GTNBF model has been implemented by using an explicit–implicit algorithm (see 
section VI.2) based on the well known Aravas algorithm [ARA 1987]. The algorithm is 
explicit with respect to the porosity and implicit with respect to all other state variables such 
as the stress, backstress, macroscopic plastic strain and yield stress of the dense matrix. Ben 
Bettaieb [BEN 2011-2012] justified this choice by the complexity of the form of the porosity 
function and its strong dependency on the different variables. As a drawback, he also noticed 
that the explicit–implicit algorithm imposes small time steps (or the use of sub intervals) in 
order to preserve the accuracy. 
 
It is worth noting that when adopting this algorithm in a dynamic explicit code like 
Abaqus/Explicit, the need for relatively small time steps is no longer a drawback since the 
time step is already strongly limited by the stability of the overall energy balance algorithm. 
On the other hand, this approach provides a larger flexibility in changing the damage 
evolution laws (nucleation, growth, coalescence) since the core algorithm is only marginally 
affected. Thus this approach is justified in a context of model development, especially as the 
industrial partner is likely to continuously alter and improve the damage evolution law in the 
future. 
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The original algorithm is presented in detail in [BEN 2011-2012] for the GTNB model. This 
section is focusing on the procedure needed to implement the GTNBF model within 
Abaqus/Explicit through a VUMAT interface. This procedure is composed of two steps: 
 
 The implementation of the core of the GTNBF model integrating the new damage 
contributions in a generic form, based on the original Lagamine implementation 
 The Lagamine-Abaqus interfacing via a VUMAT subroutine. 
 
VI.2.1  The GTNBF model implementation in Lagamine framework 
 
The number of the equations summarized in Table IV.2 can be reduced by the following 
steps: 
 
 The isotropic hardening and kinematic hardening plastic laws called mixed hardening 
have the same unknown 
p
eqv  and can be reduced to one equation. 
 The proposed triaxiality BT  is directly integrated in the Landron's void nucleation 
equation and the Huang void growth law. 
 The physically-based fracture initiation criterion ff  is integrated in the Tvergaard & 
Needleman void coalescence function 
*f  which is included in the anisotropic yield 
function. 
 
After straightforward equation rearrangement, the set of equations presented in Table IV.2 
(see Chapter IV) can be reduced to the equations shown in Table VI.1, which are the basis for 
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Table VI.1: The GTNBF model equations to implement. 
 
Equation name Equation 
Strain decomposition 
e p
     
Elasticity law :
e e
C   














       
 
 
Plastic flow rule 
0   if   0
   












Isotropic hardening   0
n
p
y eqvK     
Kinematic hardening     ** **11 ;    p px sat eqvX q f X X C S X      
Work equivalence principle  : 1p py mf      
Landron et al. void 
nucleation law 














   
























Even if based on the GTNB model [BEN 2011-2012], the GTNBF model has several new 
features that have to be incorporated on the algorithm.
*f  Function of the porosity f , used in 
the anisotropic yield function to take coalescence into account. The Landron's void nucleation 
model integrating the backstress tensor X  through a chosen triaxiality function BT , the 
Huang's void growth model, and a post-processing allowing to estimate the fracture initiation 
ff  based on R (mean void radius) and f ( ultimate average inter-cavities distance). 
 
The unknowns of the problem can be reduced to 
p
eqv  (equivalent plastic strain rate), y  
(yield stress of the dense matrix), and the component of the normal tensor n  ( 1n , 2n , 3n , 4n ,
5n ). In our case, the normal n  is no more coaxial to the Cauchy stress tensor   due to the 
form of the yield function modified by the introduction of the plastic anisotropy through Hill 
criterion [HIL 1948]. 
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The resolution of this system of equations has been widely published by Ben Bettaieb [BEN 
2010-2010a-2011-2011a-2012] and the goal of this current section is to remind the numerical 
integration principles in Lagamine [ZHU 1992-1995] framework and adapts them to Abaqus-
explicit. 
A preliminary task to the implementation of the new developments has been to convert the 
original code from Fortran77 to Fortran95, which was required for the available 
Abaqus/Explicit platform. This time consuming (and sometimes error prone) task has been 
advantageously used to rework the structure of the code in order to emphasize modular “box” 
zones (for example; box1 (elasticity), box2 (plasticity), box3 (damage) etc...) and to make 
each equation more flexible, quick readable and easy to modify. Obsolete FORTRAN features 




According to Aravas [ARA 1987], Zhang [ZHA 1995], Zengtao et al. [ZEN 2005], in non 
linear finite element method, the integration of the constitutive equations is incrementally 
carried out in each integration point of the mesh and at each time step [ ,  ]I t t t   . Over I
, the increment of the total strain 
 
is assumed to be known. According to Ben Bettaieb 
[BEN 2011], the objective of the proposed integration scheme is to compute the evolution of 
the different variables ( 2, , , , ( ), ,
e p
yX f f q   

) during I  and especially their value at
t t . These variables must satisfy the constitutive equations illustrated in Table VI.1 and 
their initial conditions at time t.  
Following Ben Bettaieb's approach, a hybrid explicit-implicit algorithm is used to integrate 
the constitutive equations of the GTNBF model. Indeed, the hybrid algorithm is explicit with 
respect to ( )f f

 and implicit with respect to the other variables 2, , , , ,
e p
yX q    .The 
implicit part of the algorithm is based on Aravas’ algorithm [ARA 1987], which was extended 
to mixed hardening and plastic anisotropy [BEN 2012]. The constitutive equations are written 
in an incremental form: 
 
The strain decomposition equation becomes:  
 
 
e p       (VI.1) 
 
The increment of the plastic strain 
p
 





p qI n       (VI.2) 
Where I  and n  are respectively the identity second order tensor and a deviatoric second 
order tensor normal to the Hill criterion, defining the direction of the plastic strain rate 
(normalized tensor): 
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12 ( : : ) 1
Hill
n n H n   (VI.3) 
 
p  and q  are defined by the following relations: 
 
 
1( ) ; 2 ( : : )p p p pp q eqatr H     
          (VI.4) 
 
The stress tensor at the end of the time increment is defined by the following relationship:  
 :
Tr e pC      (VI.5) 
Where 
Tr  is the trial stress:  
 :
Tr t eC      (VI.6) 
 










This can be written in index form: 
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 (VI.8) 
 





p p p pp p p p
xx yy xx zz
yy xx zz xx
p p p pp p p p
xx xy xx xz




F F F F
F F F F
F F
   
   
   
   
 
 
        
                    
         
                      
   
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Analyzing Eqs. (VI.5) and (VI.10), 




tf  and y : 
 
Chapter VI Implementation of the GTNBF constitutive model 
 
~ VI.7 ~ 
 
 2 2( , , , , ) ( , , , ) 0 ( , 1,2,3)
t t p t t
p y p ij yF X f q F f q i j        (VI.11) 
 




















The problem of the implicit integration of the constitutive equations reduces to the solution of 
Eqs. (VI.9), (VI.11) and (VI.12) (7 independent scalar equations). A careful examination of 
these equations shows that this problem can be reduced to the determination of the unknowns: 
p
ij  and 
p
m  
(7 scalar unknowns). 
 
Newton-Raphson resolution method 
 
Table VI.2 summarizes the variables and parameters identified in Chapter V) of the 
condensed form of the model. 
Although the plastic strain rate direction tensor n  is defined by 6 components 
1 2 3 4 5 6( , , , , , )n f n n n n n n , because of its unit norm, the expression of n  can be reduced to 5 
independent components . In addition, the familiar incompressibility equation ( 1 2 3 0n n n  
) allowed to express easily the component 3 1 2n n n   . Finally, the deviatoric second order 




4 2 6 1 2 4 5
5 6 1 2 4 5 1 2
( , , , )
( , , , )
n n n
n n n n f n n n n




    
 (VI.13) 
 
Table VI.2 : The GTNBF model set of variables and parameters. 
Variables Parameters 
p ; q ; n  ( 1n , 2n ,
3n , 4n , 5n ): 
Elasticity coefficients: ,E  
Isotropic  0,, nK , kinematic hardening 
( ,x SatC S ),Lankford coefficients 90450 ,, rrr  
Initial damage 0 1 2, ,f q q , and 3q , 
Coalescence law cf , ff  
Voids growth and nucleation laws
0 0 0, , , , ,H c NR B N   . 
Fracture initiation parameter f . 
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Finally, the set of seven equations is solved iteratively by using the Newton-Raphson method 
for a system of equations. The set of equations is written in the generic form: 
 
 ( ) 0F x   (VI.14) 
With F  the vector of unknowns illustrate in Table VI.2: 
 
 1 2 3 4 5{ , , , , , , }p qx n n n n n     (VI.15) 














  (VI.16) 
The last equation can be written in a matrix form: 
 
 F J d x   (VI.17) 















Eq. (VI.17) is solved to compute d x  and the value of F  is then updated: 
 
 x x d x   (VI.19) 
This iterative procedure is continued until the convergence condition 
610kMax dF
 ( 1,...,7k 
) is fulfilled. 
 
The constitutive tangent matrix for implicit code (based on the Jacobian matrix and different 
terms due to the large strain context) is computed by using the perturbation technique. More 
details on the computational tangent matrix have been published by Ben Bettaieb et al. [BEN 
2010] and Miehe et al. [MIE 1995]. This technique is based on a forward difference 
approximation, which reduces the computation of the tangent moduli to multiple stress 
integrations. In the current explicit implementation, the matrix was not checked. 
 
The algorithm of the Newton-Raphson method (VI.2.1) applied to the GTNBF model is 
divided in two subroutines. The first subroutine named “Newton Raphson” is dedicated to the 
Newton-Raphson iterative resolution. Its algorithm is sketched in Figure VI.1. The second 
routine one called “user function”, serve to calculate the residual F and its derivatives, and to 
check the convergence, including some explicit updates at the last (converged) iteration. It 
also computes the constitutive tangent matrix. Its algorithm is shown in Figure VI.2. 
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Figure VI.1: Flowchart of the Newton-Raphson subroutine algorithm. 
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Figure VI.2: Flowchart of “user function” subroutine (algorithm for stress integration, 
inversion of the Jacobian matrix and state variables update). 
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Nomenclature of the flowcharts in Figure VI.2 and Figure VI.3: 
 
 : Strain rate at the current step. 
p
n : Plastic strain tensor (matrix + void) at the beginning of the step (increment 
n). 
n : Total strain tensor (matrix + void) at the beginning of the step (increment n). 
0 : Material parameter for the Swift law (increment n) 
m
n : Incremental matrix equivalent strain at the beginning of the step (increment 
n). 
m : Increment of the equivalent strain of the dense matrix at the end of the step. 




q :  pppeqvq H   ::2  
 : Total strain increment. 
n
 : Initial stress tensor. 
n
Q : State variables at the beginning of the step. 
P : Vector of material parameters. 
t : Time step. 
kN : Maximum number of iterations allowed. 
f :  Error acceptance or tolerance for Newton-Raphson. 
nr
x : Vector of variables (set of 7 unknowns). 
nr




:  Inverse of Jacobian matrix [BEN 2011], see Appendix (B.3). 
0f : Initial void volume fraction parameter. 
0R : Initial equivalent void radius. 
321 ,, qqq : Damage parameters. 
trial
n 1 : Trial stress
peltrtrial




pF : Trial GTNBF yield locus value. 
BT : Triaxiality according to equation N°11 in Table IV.2, Chapter IV. 
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VI.2.2  The Lagamine/Abaqus-Explicit interfacing via VUMAT  
 
The flowchart of Figure VI.3 describes the interfacing between Lagamine and Abaqus-
Explicit codes via a VUMAT. 
 
Figure VI.3: Flowchart of VUMAT to link Lagamine material routine and Abaqus/explicit 
(SDV designates the output variables). 
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VI.3 VUMAT programming validations 
 
VI.3.1  Introduction 
 
The VUMAT programming has been validated by comparing the stress-strain, void volume 
fraction-strain, and void density-strain responses from Lagamine and Abaqus-Explicit FE 
codes. The validation has been applied on three different geometries: single element, flat sheet 
and cylindrical notched specimen. The VUMAT has been built with a modular structure to 
allow the place for several void nucleation evolution laws (in our case (Bouaziz [BOU 2008] 
and Landron [LAN 2011 laws), coalescence modeling, and other isotropic hardening laws 
such as Voce or Swift-Voce (see chapter III). 
 
The validation tests to check the Abaqus implementation compared with Lagamine one were 
performed with the set of material parameters of Ben Bettaieb [BEN 2012] corresponding to a 
DPI (see Table V.3). In order to compare Abaqus-VUMAT predictions and Lagamine 
predictions consistently, the validation is restricted here to the GTNB model, which was 
originally available in Lagamine at the beginning of the thesis [BEN 2012] in a well validated 
status. 
VI.3.2  Validation on single element 
 
Uniaxial tensile test 
 
A cube with 8 elements has been modeled to simulate a uniaxial tensile test in Abaqus/explicit 
and Lagamine (implicit code). The side of the cubic domain dimension at the initial time is 
1mm. The symmetry boundary conditions usual for a tensile test simulation are applied and a 
tensile velocity is introduced in the X direction as illustrated Figure VI.4. The element chosen 
for Abaqus is C3D8R [HIB 2010] and the counterpart for Lagamine is BLZ3D [ZHU 1992]. 
 
a) b)   
Figure VI.4: a) Uniaxial tensile test on 1-mm cube, b) The same cube after loading, performed 
simulations with Lagamine and Abaqus/explicit FE codes. 
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The comparison between Lagamine and Abaqus/explicit simulations underscores a very good 
similarity in terms of stress, porosity, number of voids (Figure VI.5), up to very large strains 
 
a) b)  
c)  
Figure VI.5: a) Stress-strain curves in tensile direction, b) Porosity-strain curves, c) Number 
of voids-strain curves comparison between Lagamine and Abaqus-Explicit. 
 
Simple shear test 
 
The same cube used in both FE codes has been adapted to perform a simple shear test 
simulation. Figure VI.6 presents the boundary conditions and the velocity applied on the 1-
mm cubic domain. 
a)   b) 
Figure VI.6: a) Simple shear test on 1-mm cube, b) The same cube after loading performed 










































































Chapter VI Implementation of the GTNBF constitutive model 
 
~ VI.15 ~ 
 
Figure VI.8 shows a very good agreement between Lagamine and Abaqus/explicit simulations 
in terms of stress, porosity, number of voids. The quantitative comparison with the uniaxial 
tensile simulation underscores the very small amount of voids created during the shear 
loading (Figure VI.8c). The evolution of the porosity f (only growth and nucleation are 
considered here) is significantly lower than during the uniaxial tensile loading. The influence 
of the loading will be studied later when dealing with the sensitivity study of the GTNBF 
model (chapter VII). 
 
a) b)  
c)  
Figure VI.7: a) Shear stress-strain curves, b) Porosity-strain curves and c) Number of voids–
strain curves comparison between Lagamine and Abaqus-explicit. 
VI.4 Conclusions 
 
The GTNBF model has been implemented by designing a FORTRAN program called 
VUMAT which connects the material routine specific to the Lagamine code to Abaqus-
Explicit.  
Before implementing the set of discrete equations, the first step of the work has been focused 
on translating the previous GTNB model built with Fortran 77 to FORTRAN 95. The second 
step of this work was to reduce the initial number of parameters. It has been possible to find a 
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Where f0 is the initial porosity and 0R  initial void size radius in mm. 
During the programming of the VUMAT, a modular structure has been configured allowing 
the user to modify a part of the model without altering the rest of the program. 
Finally, using the original GTNB model, this VUMAT interface has been validated by 
comparing the stress and the damage responses obtained by Abaqus-Explicit and Lagamine 
codes. These comparisons have been applied on a cube with 8 elements loaded in uniaxial 
tensile or in simple shear direction. The stress and the damage state variables results from 
both FE codes are in good agreement. 
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Chapter VII.  Potentialities and  limitations of the GTNBF model ............ VII.1 
VII.1 Introduction .................................................................................... VII.2 
VII.2 Sensitivity study ............................................................................. VII.2 
VII.2.1 Material parameters influence on the GTNBF predictions ...... VII.2 
VII.2.2 Element size influence on GTNBF model ............................. VII.14 
VII.3 GTNBF model validation on a notched tensile test ..................... VII.19 
VII.3.1 Stress-strain curve and triaxiality evolution ........................... VII.20 
VII.3.2 Nucleation laws comparison .................................................. VII.21 
VII.3.3 Growth laws comparison ........................................................ VII.22 
VII.3.4 GTN Abaqus-explicit and GTNBF models responses ........... VII.24 
VII.3.5 Backstress definition .............................................................. VII.27 







Chapter VII    Potentialities and limitations of the GTNBF model 




The GTNBF damage model contains innovative contributions such as a complete modeling of 
the ductile damage stages (growth, nucleation, coalescence, failure) inspired from previous 
works based on accurate tomography measurements (chapter IV). 
The main goals of the current chapter are to evaluate the GTNBF model potentialities and 
limitations and to validate its predictions compared to experimental results. The method 
employed to reach this objective consists in establishing a sensitivity study of different 
parameters identified in chapter V and on top of that estimating their influence on the damage 
state variables, e.g., void volume fraction, and density of voids. 
 
After this brief introduction, material parameters sensitivity will be performed with the 
characterized and identified, anisotropic and damage laws. After this step, the element size 
influence on the current model is carried out. Then, the second part of this work is centered on 
the numerical GTNBF model responses during a tensile test compared to the experimental 
counterpart extracted from X-ray tomography measurements [LAN 2010-2012]. The 
comparison includes the exact extraction of the numerical stress and triaxiality variables, 
followed by the evaluation of the physically-based damage modeling proposed by Bouaziz 
[BOU 2008] and Landron [LAN 2011]. Prior to concluding, the chapter gives more details on 
the backstress influence by comparing diverse triaxiality definitions in the aim to justify the 
choice taken for the GTNBF model. 
VII.2 Sensitivity study 
 




In the theoretical section of this document (chapter IV), it has been shown that the GTN yield 
function is modified by introducing the effect of the plastic anisotropy of the matrix (see 
Eq.IV.1). As already shown, the anisotropy enters the model at two levels: through the Hill 
matrix H  of anisotropy coefficients in the equivalent shifted stress eqv  and by means of the 
parameter   introduced by Benzerga and Besson [BEN 2001]. These anisotropy parameters 
are defined in terms of the Lankford coefficients 0 45 90r ,  r ,  r . The major goal of this sensitivity 
investigation is to quantitatively analyze the effect of the plastic anisotropy on the damage 
prediction. To reach this objective, four different combinations of Lankford coefficients have 
been proposed. The set of simulations include a series of single element simulations in 
uniaxial, and simple shear tests (see Figs.VI.4 to VI.7 in section VI.3) allowing studying 
relative effect of loading case, as well as a case of refined mesh describing a cylindrical radius 
notched specimen loaded in tensile direction. The initial material parameters for the GTNBF 
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model correspond to the DPI steel (see Table V.3). Table VII.1 compiles the three 
combinations of Lankford coefficients that were investigated. The first two sets of coefficients 
correspond to the experimental values measured for DPI and IF steel [BEN 2010]. In order to 
investigate only the effect of the anisotropy coefficients, all the other parameters were 
artificially kept identical to the values determined for DPI (see Table V.3). The third case, 
where the Lankford coefficients are equal to 1, defines the isotropic Mises-GTNBF model. 
Accordingly, the parameter   becomes equal to 2. 
 
Table VII.1: Lankford coefficients applied on the cylindrical notched specimen loaded on 
tensile direction, corresponding to the GTNBF model for DPI steel. 
 
 
The normal anisotropy coefficient R is obtained from the equation: 
 









Single element simulations 
 
 Uniaxial tensile test 
 
The three Lankford cases have been first applied on a single element loaded in uniaxial tensile 
direction. The details of the modeling have been presented in chapter VI.3.2. 
As expected, the axial stress and the triaxiality, the total porosity and the void density could 
be affected as damage is linked to strain distribution. However, reasonable physical values are 
investigated do not induce any effect. More precisely, Figure VII.1(a-d) shows that all 
Lankford cases evolution curves are close to each other at initial porosity equal to
4
0 1.2 10f
  . These observations seems to corroborate well with the results of Zhiying et al. 
[ZHI 2009] in a similar study on the GTN damage model based on Hill’48 anisotropic yield 
criterion for aluminum alloy. It is to underline that for the cube dimension the initial porosity 
0f  is far too low to have a strong influence on the stress and damage variables. A higher 
initial porosity value has to be defined. 
 
Lankford cases and   r0 r45 r90 R   
Case 1 (DPI, as reference material) 0.85 1.04 0.94 0.97 2.012 
Case 2 (IF steel) 1.98 2.56 1.67 2.19 1.746 
Case 3 (Isotropic; Mises-GTNBF) 1 1 1 1 2 
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a) b)  
c) d)  
Figure VII.1: Anisotropy influence during the uniaxial tensile test; a) tensile stress-strain 




  . 
 
Hereafter, the same simulation test with a higher initial porosity value 310  shows light 
different results. Indeed, the case 2 curve representing the strongest Lankford coefficients has 
lower nucleation evolution than the von Mises isotropic hardening case (case 3). The studied 
DPI steel curve is exactly equal to case 3 curves. The light slow down of the void nucleation 
evolution for case 2 reaching quasi the end of the loading (around 0.6 of axial strain) 
corresponds to the tiny increase of the axial stress evolution. The change is so small that it is 
too soon to conclude on a plausible root cause. However, the initial porosity value 
0f  has an 
impact on the global porosity evolution. 
Moreover, the value 3
0 10f
  chosen is exactly the critical value 
cf  measured by Landron et 
al. corresponding to the coalescence start. This explains the rapid growth porosity evolution 
quasi at the beginning of the loading until a porosity value of 22.10 . After this value, the 
material rapidly enters in the coalescence stage; one can see that the plastic anisotropy effect 
seems to be negligible on porosity due to void coalescence. In fact, the void coalescence law 
introduced in the current damage model is similar to the GTN model assuming that the void 
remains spherical until failure occurs. The present phenomenological coalescence law does 
not integrate the macroscopic plastic strain rate necessary to have a void shape evolution such 
as Thomason [THO 1985], GLD [GOU 1993], Pardoen [PAR 1998-2000-2006] or 
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a) b)  
c) d)  
Figure VII.2: Anisotropy influence during the uniaxial tensile test; a) tensile stress-strain 





 Simple shear test 
 
The single element simple shear simulations were first performed with an initial porosity 
value at 41.2 10 . Unfortunately, the only variables to analyze were the stress state and the 
void density. The three cases were perfectly superimposed. There were no data for the 
triaxiality, and the total void porosity evolution as the damage model do not take pure shear 
effect into account. However, it has been decided to increase the initial porosity value as the 
same level as the previous uniaxial tensile test (
3
0 10f
 ) as simple shear test is not pure 
shear tests and some effect could be seen. 
The results are plotted in Figure VII.3 and Figure VII.4. A significant influence of the 
Lankford coefficients has been detected when analyzing the nominal shear stress-strain curves 
evolution (Figure VII.3) and the damage state variables evolution illustrated in Figure VII.4. 
Hereafter, the simple shear test results show that the dominant stress component (Figure 
VII.3a) in the unit cell is the nominal shear stress with a weaker axial stress component 
(Figure VII.3b). The increase of the nominal shear stress is gradual, and the curves do not 
exhibit any drop in flow stress expect for the case 3 defining the Mises-GTNBF model. 
Furthermore, the nominal shear stress-strain curve depicts the same evolution regarding the 
case 1 and 3. The most important plastic anisotropy influence appears when the Lankford 
coefficients are high (case 2). It is to notice that the nominal shear stress value with case 2 is 
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based on the rapid increase of the axial stress value for the case 2 compared to the other cases. 
The stress evolution comparison shows that the introduction of stronger Lankford coefficients 
rapidly changes the stress components and the shear work hardening rate. The figures reveal 
that the simple shear test simulation is a combination of a pure shear and a tensile loading 
amplified at high plastic anisotropy level. 
 
a) b)  
Figure VII.3: Anisotropy influence during the simple shear test; a) shear stress-strain curves, 




The strain-path effect on damage evolution can be seen on the graphics describing the damage 
evolution state variables such as void nucleation and porosity. The rapid change of work 
hardening rate has an important impact on the damage evolution as seen in the void 
nucleation-shear strain curves (Figure VII.4a). The decrease of the kinematic hardening 
evolution through the increase of the plastic anisotropy rate decelerates the number of void 
nucleation in the material (case 2). A stronger influence is highlighted when analyzing the 
total porosity evolution. The material cube constrained in simple shear direction and modeled 
with case 2 show no porosity evolution while the other cases increase very fast. The 
contributions of the porosity due to void nucleation, growth and coalescence underscore the 
same results. 
 
a)  b)  
Figure VII.4: Anisotropy influences during the simple shear test; a) void density-strain curves, 





















































































































Chapter VII    Potentialities and limitations of the GTNBF model 
~ VII.7 ~ 
 
As already mentioned in chapter IV, the current damage model is not able to predict the 
porosity evolution in pure shear loading due to the plastic incompressibility of the matrix 
assumption. The current model as well as the GTN model assumes that the relation for the 
growth of a single void 
gf  in elastoplastic matrix depends on the macroscopic plastic strain 
rate trace  ptr  . The plastic incompressibility of the matrix imposes that the matrix volume 
evolution remains constant during the loading. The shear strain components are normally not 
taken into account with this assumption. Therefore, the porosity due to shear loading cannot 
be sketched in before the coalescence occurs ( cf f
  ). 
 
Both graphs underline the importance of taking into account the plastic anisotropy in the 
Gurson yield function. Case 3 describes a lower evolution than the isotropic plasticity 
(Lankford with r=1) in terms of shear stress and density of voids as function of shear strain. 
 
Cylindrical notched specimen tensile test 
 
Tensile loading applied on cylindrical notched specimen is a common test to estimate the 
ductility of materials. Therefore, the three Lankford cases (Table VII.1) have been compared 
using the following simulation procedure. 
The axisymmetric 1-mm notched specimen is already presented in the chapter V.2.3 (see 
geometry in Figure V.10c). A three-dimension simulation has been realized in Abaqus-
Explicit and Lagamine by using 3800 elements and 4633 nodes. The boundary conditions, the 
meshing and the velocity are illustrated in Figure VII.5. A refined mesh is generated near the 
center of the specimen where large strain gradients are expected, while a relatively coarse 
discretization is used in the rest of the specimen where a rather uniform deformation is 
expected. The damage material parameters are visible in table V.3. 
 
Figure VII.5: Finite element model of the tensile test on the notched 3D sample. Boundary 












Velocity 1mm/s in Y axis
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Compared to the single element tensile test (Figure VII.1a), the axial stress for all Lankford 
cases is higher, and the specimen fails at lower axial strains than under axial strain tensile 
condition. For this kind of anisotropic plastic material (Lankford from DPI (case 1) and IF 
(case 2) steels), the axial tensile stress component (Figure VII.6a) is higher than the value 
calculated by the von Mises isotropic plastic model (Lankford equal to 1), which means the 
plastic anisotropic behavior has an important effect on the results. 
On top of that, comparison with the single element (Figure VII.6b) reveals a higher triaxiality 
value and the strong effect of the plastic anisotropy parameters accelerating the ductile 
damage mechanisms. These observations are in line with the definition of the triaxiality. The 
anisotropy parameters are defined in terms of the Lankford coefficients 0 45 90r ,  r ,  r  which are 
ratio between the width and the thickness strains of a flat sheet. In the present tensile 
simulation test, the major strain is the axial direction represented by 0r . Consequently, the 
triaxiality increases due to the dominance of the axial stress. Moreover, the proposed 
triaxiality BT  (see Eq.IV.32) based on Landron damage model [LAN 2012] introduces the 
backstress tensor through the kinematic hardening law. It means that the backstress 
contributes to increase the stress state and the triaxiality. This observation has been confirmed 
by Ben Bettaieb et al. [BEN 2012] during the sensitivity study of the kinematic hardening 
parameters xC  and satS  introduced in the GTNB model. 
a) b)  
Figure VII.6: Anisotropy influence during the cylindrical notched specimen test; a) Tensile 
stress-strain curves, b) Triaxiality-strain curves
4
0 1.2 10f
  . 
 
The introduction of the anisotropic behavior in the GTNBF model defines the stress triaxiality 
level in the material. The triaxiality factor will have also a strong effect on the porosity, and 
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a) b)  
Figure VII.7: Anisotropy influence during the cylindrical notched specimen test; a) porosity-
axial strain, b) void density-axial strain for
4
0 1.2 10f
  . 
VII.2.1.2 Damage and fracture initiation 
 
 Damage law influence 
 
The present section studies the influence of the damage contributions in the GTNBF model. 
Before giving more details, a general numerical impact of the damage laws (porosity and 
nucleation) has been quantified with the previous geometries (single element loaded in 
uniaxial tensile and shear directions, tensile cylindrical notched specimen). For each 
geometry, two sets of material data have been simulated. One is associated to the actual DPI 
steel with the complete damage contribution (simply called GTNBF) and the other one is a 
virtual material generated with the data set of DPI without damage law (called hereafter 
GTNBF-no damage). The GTNBF-no damage model is obtained by setting to zero the initial 
porosity 0f  and the material constant B from Landron's nucleation law taken at zero (see 
Table V.3 chapter V). 
Figure VII.8a represents the axial stress-strain curves responses of the single element loaded 
in tensile direction. It underscores the significant impact of the damage laws. Indeed, the 
GTNBF model with damage contributions drops sharply after 60% of axial strain. The 
notched tensile test to estimate the ductility of materials (see Figure VII.8b) highlights the 
importance of taking into account the cavities evolution in the modeling. In opposition to the 
single element test, the stress extracted at the center of the specimen softens at around 50% of 
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a)  
Figure VII.8: Influence of the damage contribution introduced in the GTNBF model for DPI 
steels a) axial stress-Strain curves in uniaxial tensile test, b) axial stress-Strain curves during 
the cylindrical notched specimen test. 
 
Knowing that the insertion of the damage modeling has a remarkable influence on the DP 
steel behaviour, a sensitivity study has been performed in the aim to accurately estimate the 
potentiality of the GTNBF model. A series of simulations have been operated with a single 
element constrained in uniaxial tensile direction. The calculations have been focused on two 
most important damage parameters; the initial porosity f0 measured by Landron [LAN 2011] 
and the final void volume fraction ff  (see Eq IV.41 ) physically-based on the ultimate average 
inter-cavities distance measurement ( f , Eq V.7). 
 
 Sensitivity to f0 
 
The 8-nodes single element tensile simulations were performed with the GTNBF model and 
with four different values of the initial porosity f0. All the other parameters correspond to the 
DPI steel, (see Table V.3). It is noteworthy to know that the GTNBF model includes a 
relationship between the initial porosity and the initial void density. Consequently, the 
GTNBF model allows the user to introduce only one initial damage parameter which is the 
initial porosity 0f . The model automatically calculates the corresponding initial void density 




















Where f0 is the initial porosity and 0R  the initial void size radius in mm. 
The values of f0 for the sensitivity analysis have been carefully chosen. The first value (f0 
equal to 0) represents the case where the material has no cavity. It simulates the material 
without damage. The second and the third values (f0 equal to 2. 10
-5
 and 2. 10
-4
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measured by Landron on different DP steels and the last one (f0 equal to 2. 10
-3
) has no 
physical meaning, it is integrated to evaluate the limit of the damage model. It is important to 
keep in mind that the critical porosity value fc characterizing the coalescence apparition has 
been evaluated and keep unchanged to Landron [LAN 2011] estimation at 10
-3
. Therefore, 
this value will be kept constant for all DP steels to facilitate a better understanding. It is well 
known that this value should be modified depending on the DP steels, and the residual 
stresses after forming process. Nowadays, discussions with specialists concerned of the matter 
have taken place to know how to clearly identify this value. According to Landron [LAN 
2011], an accurate measurement is often limited by the optical low resolution used to detect 
the exact apparition of the coalescence. However, further works launched in the direction of 
enhancing the X-ray tomography method are investigated such as the 3D reconstructed image 
quality [BOI 2010] [MAI 2012]. 
The initial porosity parameter strongly influences the stress evolution. As shown in Figure 
VII.9, the axial stress sharply drops when the initial void volume fraction increases in the 
material. The graphic also underlines the importance of precisely measuring the initial 
porosity contained in a DP steel before deforming the material. 
 
 
Figure VII.9: Influence of the initial porosity f0 parameter introduced in the GTNBF model for 
DPI steel; axial stress-strain curves after a uniaxial tensile test. 
 
 
The influence of this parameter has been detected when extracting the porosity and the void 
density evolutions in function of axial strain (Figure VII.10). Both damage variables surge 
when the initial porosity f0 rises in the DP steel. The analysis of the initial porosity effect on 
the ductile damage mechanism underscores the importance of characterizing this parameter 
before performing a sheet metal forming simulation. The initial porosity f0 value will 
particularly influence the evolution of the nucleated void and void growth predictions (see 
IV.3.1 especially Eqs.IV.31, IV.35). This parameter is a key point to ensure the good quality 
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a) b)  
Figure VII.10: Influence of the initial porosity f0 parameter introduced in the GTNBF model; 
a) total porosity f-strain curves, b) void density-strain curves for DPI steel. 
 
 Sensitivity to ff 
 
The previous simulations have been repeated to evaluate the influence of the final void 
volume fraction ff  (expression in Eq. IV.41), using this time, and the measured value of initial 
porosity (f0 equal to 2. 10
-5
). The effect of five different ff values has been compared. The 
smallest value (0.005) has been chosen near the critical porosity value fc in the aim to see if 
any impact is observed when coalescence event is shortened. The highest value (0.15) 
corresponds to a value usually found in the literature and firstly proposed by Tvergaard & 
Needleman [TVE 1984]. The void volume fraction equal to 0.05 corresponds to the value 
calculated from the equation V.8 linked to the measurement of the ultimate average inter-
cavities distance. Finally, the other values have been arbitrary chosen. 
 
In Figure VII.11, the predictions generated with these five ff values are compared in a graphic 
showing the axial stress evolution during the uniaxial tensile loading. It shows that the 
GTNBF model is quite sensitive to a small value modification and that of course the fracture 
initiation occurs earlier when the final void volume fraction decreases. 
When inspecting carefully the equation introducing the final void volume fraction ff, it seems 
clear that this physically-based damage parameter is impacting only the final part of the axial 
stress-strain curves evolution. More precisely, equation IV.41 is used in coalescence modeling 
to predict the slope of softening at failure. If this value is chosen very small 0.005ff  , the 
material will fail smoothly. In opposite, a great value will predict a rapid and brutal fracture
0.15ff  . 
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Figure VII.11: Influence of the final void volume fraction ff parameter introduced in the 
GTNBF model; axial stress-strain curves after a uniaxial tensile test for DPI steel. 
 
The curve comparison also shows that ff strongly influences the porosity evolution during 
coalescence (Fig. VII.12a). However, of course, the impact is very light regarding the part of 
porosity evolution due to the nucleation stage (see Figure VII.12b), and inexistent for the void 
growth evolution, that can be understood by analysis the coalescence model equations (see 
Eq.IV.36). The final void volume fraction ff appears in the ductile damage modeling when
  or c f ff f f f f   , symbolizing respectively the coalescence and the fracture stages. 
 
a) b)  
Figure VII. 12: Influence of the final void volume fraction ff parameter introduced in the 
GTNBF model; a) growth porosity f-strain curves, b) void density-strain curves, c) 
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VII.2.2 Element size influence on GTNBF model 
 
The in situ tensile test presented in chapter VII.2.2.1 has been simulated using axisymetric 
elements with GTNBF model. The mesh generated was constrained by the specific post-
processing procedures developed in order to extract from the simulation, the physical 
quantities obtained from the in situ test. The need for accurate average values across the 
weakest cross-section, within a fixed space volume at the root zone of the sample 
(Figure.II.3b), and at the central zone of the neck, imposed a refined mesh at this location. 
Thus an adapted mesh design has been built up as shown in Figure.VII.13b. A very fine 
element size of 10µm×10µm (called adapted mesh) is adopted in the neighborhood of the 
central point of the sample. Thanks to this choice, a large number of integration points were 
available in the sub-volume of interest, providing accurate average values. A relatively small 
element size is maintained across the entire cross-section corresponding to the symmetry 
plane of the sample, as well as at the central part of the neck. The nodes of the three most 
central elements of the boundary in the neck region were used to determine the notch radius 
[BRI 1945], notchr  (see Figure.VII.13a). Homogeneous velocity boundary conditions were 
applied on the top surface, along with usual symmetry boundary conditions in axial and width 
directions. The finite element type chosen in Abaqus/explicit [HIB 2011] software is a 




Figure VII.13: Adapted finite element model of the tensile test on the notched axisymmetric 
sample. (a) Boundary conditions and velocity field applied, (b) Mesh design zoomed on the 
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Figure VII.14a shows the isovalues of axial strain, triaxiality (T), stress component, numerical 
density of voids per mm³ (N), porosity (f) and mean void radius (R). These isovalues are 
shown at the moment when the maximum plastic strain is close to unity in the minimal cross-
section. The fracture initiation (critical distance between two cavities f ) shown in Figure 
VII.14b is maximum at the center of the necking section due to the high concentration of the 






Figure VII.14: a) Simulation results isovalues when maximum plastic strain is near unity: 
axial strain, triaxiality, axial stress, numerical void density, porosity and mean void radius, b) 
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VII.2.2.1 Post processing of FE values 
 
Figure VII.14 underlines a strong heterogeneity in the cross-sections of the sample. In order to 
compare the experimental results with the numerical predictions at different levels of the axial 
strain in the minimum cross-section, average values of specific scalar fields of interest were 
extracted from the heterogeneous field distributions. The weighted average method [LIN 
1996] was used to extract such average values over the central sub-volume and over the cross-
section (see fig VII.15a). Due to the choice of axisymetric element configuration the central 
sub-volume is cylindrical rather than hexahedral, with its half-height and radius equal to 0.15 
mm-see Figure VII.15 (or a cylinder of 0.3 mm radius and a height of 0.3 mm). 
The loss of accuracy due to this approximation can be considered negligible as the 
experimental measurements [LAN 2011a] show that the void density is sufficiently 
homogeneous within the measurement domain. Thus, its exact shape and dimensions would 
not influence the result. 
 
a) b) 
Figure VII.15: Areas of the damage values extraction over the central sub-volume and over 
the cross-section; a) 3D experimental view, b) The axisymetric element view. 
 





















Where i  is the value of the scalar field   in the finite element i  in the domain. iS  represents 
either the area of the cross-section that corresponds to the finite element i , or for the volume 
average calculations, iS  designates the element volume. Surface averages are performed for 
the calculations of the axial stress and strain values, while volume averages are used for the 
porosity-related quantities. It is noteworthy to tell that the set of finite elements that contribute 
to the volume average is evolving in time, since the average is computed over a fixed spatial 
domain – not a material domain. 
The area of the necking section is calculated by measuring the radius of the minimal cross-
section (rsection) during the test. In order to compare the triaxiality to the experiments, 
Bridgman Eq. V.4 is also applied to the numerical results even if we know it is just an 
approximation, an identical T measure is mandatory. For this purpose, the notch radius rnotch 
from FE results is required at different strain levels. The three nodes closest to the symmetry 
1 fourth Finite ElementExperiment
0.15mm
0.15mm
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plane on the notch radius are chosen and used to fit a circle whose center (a, b=0) is retrieved 
by the circle equation (Eq.(VII.4)),  
 
    
2 2
notchr x a y b     (VII.4) 
 
Where rnotch (in plane X-Y) evolves during the tensile test, and (x,y) are the coordinates of the 
three nodes (see Figure VII.15b). 
 
Using rsection and rnotch, the average values ( axial ,T, axial ) can be computed in a similar way 
as in the experimental results by relations Eqs. (V.3)- (V.4)-(V.5). 
 
VII.2.2.2 Element size influence 
 
In order to verify the mesh convergence for the simulations of the notched tensile test, six 
meshes with different element sizes (see Fig.VII.16) and the previous  “adapted” mesh (see 
Figs.VII.12-15b) have been used. The mesh sensitivity has been conducted by comparing the 
distribution and the evolution of the local axial strain, porosity (f), density of voids (N), and 
mean void radius (R). 
 
 
Figure VII.16: Element sizes used during the mesh sensitivity analysis on notched tensile 
simulations: (a) 15µm, (b) 25 µm, (c) 35 µm, (d) 45 µm, (e) 50 µm, (f) 167 µm. 
 
Figure VII.16 shows the distribution of the axial strain and of the void radius as a function of 
the normalized distance from the center. Note that the center within the smallest necking 
section at the symmetry axis is defined by x/rsection =0 and the notched side by x/rsection =1. 
Figure VII.18 shows the distribution of the porosity at two different loading steps. Except for 
the coarsest mesh (Figure VII.16f), almost no mesh sensitivity has been detected during the 
test simulations. The local axial strain distribution (Figure VII.17a) is quite homogeneous 
along the cross-section for all deformation steps. A small heterogeneity of the mean void 
radius is observed (Figure VII.17b), with the maximum value located close to the vertical 
symmetry axis. One can note that the maximum is not exactly located at the center of the 
specimen but at about 1/10 from the center, probably due to Abaqus numerical treatment of 
the cylindrical symmetry. 
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Figure VII.17: Element mesh size influence and field heterogeneity at an average axial strain 
of 0.75: (a) on local axial strain ( axial ), (b) on mean void radius (R). 
 
The analyses of the porosity (f) in Figure VII.18 and the density of voids (N) in Figure VII.19 
point out mesh sensitivity after 0.5 of axial strain. This strain level corresponds to the 
beginning of coalescence according to Landron et al. [LAN 2010-2012]. The graphics at 0.75 
of strain show that the values of f or N decrease when the mesh size increases as the element 
size prevents the simulation to compute accurate stress and strain field gradient. The 
distribution heterogeneity increases with the strain. The maximum value is located close to 
the center (x/rsection =0) for low axial strain, but moves at around 0.1 of relative radius 
(x/rsection) when the axial strain reaches 0.75. 
 
 
Figure VII.18: Element mesh size influence and heterogeneity distribution of the total 
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Figure VII.19: Element mesh size influence and heterogeneity distribution of the density of 
voids (N) (a) at an average axial strain of 0.5, (b) at an average axial strain of 0.75. 
 
A strong heterogeneity of the distribution of the damage variables (porosity f, density of voids 
N) through the sample cross-section is observed. The element size has no influence on the 
axial strain and the equivalent void radius distributions, except for the 167-µm element size 
which is clearly too coarse to provide accurate results. The damage state variables such as the 
porosity (f) and the density of voids seem more mesh sensitive.  
In the current study, the element size choice has been restricted by the experimental 
conditions to fine mesh density: "adapted mesh", which verifies by far these numerical 
considerations. 
VII.3 GTNBF model validation on a notched tensile test 
 
The present section is dedicated to the comparison between the measurements performed by 
the high resolution X-ray absorption tomography method [LAN 2011] and the FE predictions. 
The calculations are extracted from the in situ tensile test of the 1-mm notched specimen 
presented in section VII.2.2. The mesh used corresponds to the adapted one containing a very 
fine element size of 10µm×10µm available in the sub-volume (Figure.II.3b). This study has 
been realized with the material parameters corresponding to the GTNBF model for DPI steel 
(see Table V.3). Following this brief introduction, the comparison will be divided into four 
parts. The first one is focused on the stress and triaxiality FE responses. Then, the innovative 
contributions from Landron et al. [LAN 2012] to the experimental and numerical evaluations 
of the nucleation and the growth will be compared with the Bouaziz et al. [BOU 2008] model 
both laws being available in GTNBF model. The last part presents the influence of the back 
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VII.3.1 Stress-strain curve and triaxiality evolution 
 
Figure.VII.20 presents the comparison between the experimental and numerical average stress 
values. The blue curve is the experimental response from the in-situ tensile test, and the red 
curves are the numerical results. The dashed curve shows the stress value computed with 
Eq.(V.3) in a similar way as in the experimental results.The red solid curve is the stress 
response using the weighted average method in Eq.(VII.1). The comparison underlines that 
the numerical stress values lie below those obtained by the experiment. The experimental 
points seem to fluctuate slightly before 0.3 axial strain. The reduced size of the sample and 
possible geometrical inaccuracies due to its particular shape, along with the use of a miniature 
in-situ machine probably contributed to this effect – besides the stress heterogeneity within 
the notched specimen. The two numerical averaging methods show a little stress difference, 
except for the final stages where the differences become very large. This observation shows 
the importance of taking into account weighted average method in the sub-volume 
quantification and to consider a sufficiently large number of elements for the average 
calculation. 
 
Figure VII.20: Axial stress-strain curves comparison between the GTNBF model prediction 
and the experiment. 
 
Figure VII.21a compares the evolution of rnotch obtained by measurement and by the 
simulation. The experimental and numerical notch radii are in good agreement, a maximum of 
11% discrepancy can be detected when the axial strain reaches 50%. This difference could be 
due to the material behavior model, but also to the approximate description of the notch radius 
based only on three nodes within the simulation. It is also important to remind that the 
experimental values are averaged over several tested specimens, where differences of the 
same order were observed between the different experiments [LAN 2011]. The radius 
tolerance of the specimen during the cutting process cannot be reproduced in the axisymetric 
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The gap between the experimental and the simulation results is linked with the differences in 
the rnotch measurements and predictions as the values of rsection overlap (Figure VII.21b). The 




Figure VII. 21 : Comparison of rnotch (a) and rsection, (b) evolution obtained from measurement 
and finite element simulation during the notch tensile loading, (c) Triaxiality comparison, 
according to Bridgman’s approximation, between the current GTNBF model prediction and 
the test. 
 
VII.3.2 Nucleation laws comparison 
 
Figure VII.22 shows the evolution of the numerical and experimental density of voids- with 
the axial strain – which plays the role of the loading parameter for all the comparisons. 
Simulations are performed with both nucleation equations presented in section IV.2.2.3, i.e. 
Eq. IV.8 (Bouaziz et al. [BOU 2008]) and section IV.3.1.2, i.e. Eq. IV.30 (Landron et al. [LAN 
2011]). The two predictions lay relatively close to each other, and both approximate well the 
experimental curve. It is noteworthy that the parameter identification for Bouaziz et al [BOU 
2008]. Law was performed using smooth tensile samples [BOU 2008], while both smooth and 
notched samples were used for the parameter identification of Landron et al. law [LAN 2012]. 
Consequently, further work would be required to investigate the respective accuracy of the 
two nucleation equations. After an axial strain of approximately 0.5, the number of voids 
drastically increases, since the coalescence phenomenon catalyzes the nucleation of new 
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interconnecting the larger voids, the assumption of spherical voids becomes more and more 
inadequate – as indicated by the sample’s micrograph at 0.83 of axial strain in Figure VII.22. 
Nonetheless, the experimental numerical density of voids is measured up to such very large 
strain values and can be used for the validation of the models. 
 
Figure VII.22: Comparisons between predictions of simulation with Landron, and Bouaziz, 
nucleation laws introduced in the GTNBF model and the test measurement X-Ray 
tomography observations [LAN 2012]. The number of voids per unit volume is calculated 
using the weighted average method (Eq.VII.1). 
 
VII.3.3 Growth laws comparison 
 
The mean void radius is calculated with Eq.IV.9 (Bouaziz et al. [BOU 2008], see section 
IV.2.2.3). Given that the second term in this equation is related to nucleation, the two 
predictions of the mean void radius are not identical, as shown in Figure VII.23. The 
prediction using Landron et al. law [LAN 2011] gives slightly higher mean void radius values. 
Note that with respect to all of the other variables related to damage, the mean void radius 
remains almost constant during the whole test for both nucleation laws, which is in agreement 
with the experimental observations. When coalescence develops at larger strains, the 
experimental void radius increases. The calculated ones evolve with the same very small 
growth rate. This is consistent with the phenomenological description of the coalescence in 
the present model, and indicates that the physical meaning of the quantity R is lost during the 
coalescence step. This observation corroborates the fact that the approximation of spherical 
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Figure VII.23: Comparison of the evolution of the mean void radius measured or predicted by 
Landron et al. [LAN 2011], and Bouaziz et al. [BOU 2008] growth laws, during the notched 
tensile test. 
 
Eventually, the combined effect of the numerical void density and of the mean void radius 
provides the prediction of the void volume fraction shown in Figure VII.24. The void volume 
fraction evolves from its initial value of 2.10
-4
, up to values of 2.10
-3
 and more. The two 
predictions have similar accuracies although with different trends. Both seem able to correctly 
describe the experiments. The parameter identification has a non-negligible influence on the 
final predictions, and future investigations will be devoted to better understand its effect. 
 
 
Figure VII.24: Comparison of the evolution of the porosity measured or predicted by Landron 
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VII.3.4 GTN Abaqus-explicit and GTNBF models responses 
 
Until this section, it is known that the GTNBF model which takes into account a more 
accurate void nucleation, growth and coalescence until failure than previous GTNB model, 
has been well validated with the cylindrical notch radius specimen used by Landron et al. 
[LAN 2012]. It has been observed that the extended model is also sensitive to the plastic 
anisotropy parameters, and the strong effect of the triaxiality. The kinematic hardening 
influence has been particularly highlighted numerically by Ben Bettaieb [BEN 2012] when 
investigating the contribution of the void nucleation law from Bouaziz et al. [BOU 2008]. 
Since Bouaziz and Maire experimental contributions, many authors have confirmed the strong 
effect of the triaxiality [ZHI 2009] [LI 2010] [LAN 2011] [BAR 2012] [REC 2012] on the 
ductile damage mechanisms. Researchers agree that one cannot generalize the analysis of one 
DP steel grade to all DP grades. Indeed, the previous sensitivity on various volume fraction of 
martensite has shown the importance of the microstructure, the shape of the hard martensite 
islands, and the void shape on the damage evolution [LAN 2011a]. The previous part has 
contributed to point out the importance of identifying very carefully the initial damage 
parameters introduced during the sheet-metal forming such as the initial porosity 0f . The 
fracture initiation characterized by the coalescence stage has to be well predicted to avoid 
necking and unwanted failure in the final products. The sensitivity of failure prediction has 
been underlined by studying the effect of the final void volume fraction ff variation. 
 
Numerous FE codes such as Abaqus, Lagamine, and ANSYS integrate predefined ductile 
damage laws. The most used by numerous researchers and steelmakers is the well known 
GTN model [TVE 1984]. Therefore, the main goal in this section is to compare the GTNBF 
model predictions to the ones computed by GTN model (Abaqus-explicit). To reach that goal, 
a comparison has been performed with the same finite element procedure using the notched 
sample made of DPI steel (see VII.2.2). The material properties for the GTNBF model are the 
same as previously and those for the GTN model have been identified by ArcelorMittal [OUS 
2012] and can be found in Table V.2. 
The axial stress and the porosity evolutions in function of the axial strain obtained with the 
damage models are compared. The axial stress-strain evolution simulated with the GTN 
model [TVE 1984] or GTNBF model [FAN 2013] is in good agreement compared to the 
experiment. However, a significant difference is noticed between the two models. Indeed, the 
axial stress-strain curve from the GTN model increase continuously below the GTNBF model 
prediction and the fracture shortly occurs later after the GTNB extended model. This first 
comparison in terms of axial stress highlights that both ductile damage models predict well 
the DPI material behaviour using on one hand the phenomenological approach developed in 
the GTN model thirty years ago and on the other hand the physically-based approach. The 
GTN model initiated by Gurson [GUR 1977] and later improved by Tvergaard & Needleman 
[TVE 1984] integrates an isotropic hardening law while the GTNBF model has a modified 
Armstrong-Fredericks mixed hardening law. The GTNBF model extended to elasto-plastic 
permits to take into account the plastic anisotropy influence of the matrix through the Hill 
matrix H  and the backstress tensor X. 
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Figure VII.25: Experimental, GTN and GTNBF models axial stress-strain comparison after a 
tensile test with a 1 mm notch radius specimens made of DPI steel. 
 
The stress gap between the two simulations increases rapidly when reaching large plastic 
strain in the material. Unfortunately, the elasto-plastic difference between both models cannot 
be used has the only reason explaining the stress softening predicted by GTNBF model and 
the brutal simulation stop characterizing the model fracture in GTN model. Therefore, the 
porosity predictions computed by both ductile damage models have been compared to the 
experimental measurement. Figure VII.26 depicts the porosity evolution of the GTN and 
GTNBF models. 
Although, the GTN model integrates the three steps of the ductile damage mechanisms (void 
nucleation, growth and coalescence) before fracture apparition, it seems obvious that the GTN 
porosity evolution is not well predicted compared to the experiment and the validated GTNBF 
model. More precisely, the porosity evolution curve from GTN model fit very well the 
experimental curve until 0.2 of axial strain with a porosity value inferior to 0.001 (fc). 
Meaning, that the only porosity contribution is coming from void growth. Indeed, the 
coalescence model stipulates that
* if       then  cf f f f   (see Eq.IV.36). Then, the porosity 
curve evolution surges after the porosity reaches the critical value (fc). Before this point the 
porosity contribution is due to void nucleation and growth evolutions after coalescence is 
added. 
It has been explained in chapters III and IV that the GTN model includes a phenomenological 
void nucleation while the GTNBF model thanks to the accurate 3D X-ray tomography 
measurements [LAN 2011] integrates a physically-based nucleation model validated with the 
present tensile test. All damage parameters from the GTNBF model have been identified 
based on this method. The identification of the six damage parameters: initial void volume 
fraction (f0), standard deviation (SN), mean equivalent plastic strain (εN), volume fraction of 
secondary voids (fN), critical void volume fraction (fc) and final void volume fraction (ff) is 
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phenomenological damage predictions to the experimental results by adapted those six 
parameters. For instance, the nonlinear least squares fitting method of parameters, resulting 
from minimization of a finite element simulation (FEM) results and on the experimental 
specimen response (usually a tensile test) [BRO 1995]. The GTN model damage parameters 
(in the current study) have been identified by using inverse method [DEB 2009] [MOH 2010-
2012] [LOU 2010-2012] [NIA 2012] (see conclusion, chapter VIII) and a literature survey 
(especially for ff ). It is noteworthy to notice that the GTN model damage parameters 
presented in Table V.3 correspond to the best stress-strain curve of tensile test fitting. If one 
tries to fit the porosity-strain curve from GTN model to the experimental curve, it will 
produce a stronger stress-strain evolution decrease. With this manipulation, the fracture will 
appeared far more later underestimating the fracture initiation in the material. 
 
 
Figure VII.26: Experimental, GTN and GTNBF models porosity-strain comparison after a 
tensile test with a 1 mm notch radius specimens made of DPI steel. 
 
More recently Ramazani et al. utilized a Response Surface Methodology (RSM) on similar 
DPI steel based on a statistical approach to calculate quantitatively the effects of different 
input parameters, for more details see [RAM 2012]. The parameters found with the last cited 
identification method have been used to simulate again the GTN model responses with no 
significant improvement on the porosity curve evolution. 
 
Since the sensitivity study performed on the initial porosity f0 and the final void volume 
fraction ff, it is known that the coalescence stage affects the fracture initiation common to both 
models. This statement and the GTN and the GTNBF models comparison, let us suggest that 
the main damage modeling difference is focus on the approach method used to predict the 
void nucleation evolution. The phenomenological GTN model is based on initial voids of 
substance grow and secondary voids nucleate while forming proceeds; when the void volume 
fraction reaches a critical value, fracture occurs (coalescence model). In this model, the 
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existing voids and the strain-controlled nucleation of new voids. This approach differs when 
suing the GTNBF model in term of voids strain-controlled nucleation mechanism. It has been 
described as a micromechanical approach based on the interface ferrite-martensite decohesion 
[ARG 1975] [LAN 2011] (see section IV.3.1.2, chapter IV). 
 
VII.3.5 Backstress definition 
 
Chapter IV section 3.1.3  has shown that the classic triaxiality expression 1T  has been 
modified to integrate the backstress tensor in the nucleation and growth laws proposed by 
Landron et al.[LAN 2011] and Huang [HUA 1991]. Indeed, as reminded hereafter in 
Equations (case 1 to case 4 in Table VII.2), there are four possibilities to define the triaxiality 
when backstress is present. In the GTNBF model, the classic triaxiality has been transformed 
to the triaxiality 4T  . 
 














( )eqv X    is the anisotropic equivalent shifted stress (with respect to the quadratic Hill 
criterion). 
( )m X   corresponds to the macroscopic mean shifted stress equal to  1
3
tr  . 
 
The present chapter has shown a good agreement for all the numerical comparisons to the 
experimental results. Although this study is satisfactory, the current section has the objective 
to check our triaxiality choice by testing the prediction sensitivity to three other triaxiality 
definitions ( 1T , 2T , 3T ). The following methodology is adopted: in a first step we focus on the 
backstress influence injected in the classic mean stress and the second one is dedicated to the 
influence of the backstress introduced in the traditional equivalent stress. 
 
 
Triaxiality cases nT  
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VII.3.5.1 Mean stress response to backstress definition 
 
The numerical impact of the backstress tensor has been quantified with the previous two 
geometries (single element, cylindrical notched specimen) loaded in uniaxial tensile and shear 
directions (see chapter VI). For each geometry, four GTNBF models have been built up with 
the DPI steel material property. These four GTNBF models correspond to the triaxiality 
definitions as seen above 1T , 2T , 3T , 4T , and referred by number: case (1) to case (4) in all 
figures. 
 
 Uniaxial tensile test 
 
The uniaxial tensile test imposes certain stress components to be equal to zero: 
2 3 12 31 230  ; 0         . Only the axial stress component is different from zero, in the 
present simulation 1 0  . With these conditions Table VII.2 becomes Table VII.3. 
During the simulation no triaxiality difference has been noted between case (1) and case (2) 
with a triaxiality value equal to1/ 3 . This means that the ( )m mX     and the backstress 
tensor X has no influence on damage variables (porosity and voids density evolutions) for 
both cases. The most important cases to analyze are case (3) and case (4). 
 













The uniaxial tensile test results of the single element with 8 nodes and one integration point 
are presented for case (3) and case (4) in Figure VII.26. 
Figure VI.26a shows the same axial stress-strain curve evolution for all triaxiality cases. The 
same graphic adds the backstress-strain curve evolution for the studied cases. It appears that 
the backstress reaches is maximum value (60 MPa) at small strain and decreases continuously 
until zero. This maximum value compared to the axial stress one (900 MPa) is too weak to 
affect the triaxiality cases. 
The uniaxial tensile test illustrates that triaxiality is constant and equal to 1/ 3  during the 
loading except for the beginning of the curve (fig.VII.27b) where a peak is observed. At the 
calculation start, the VUMAT takes an initial backstress guess value internally calculated in 
Triaxiality cases nT  
Case (1) (Classic) 1
1
3
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the program to ensure the first convergence. This backstress guess value is set slightly higher 
than the equivalent stress value guess. It results that the simulation does not start at1/ 3 . 
Furthermore, the guess backstress value at initial time strongly depends on the increment 
time. 
A part from this, the triaxiality comparison between case (3) and case (4) shows a perfect 
agreement. Knowing that triaxiality strongly participates on the damage modeling, the 
graphics underline that the kinematic hardening (X) has no influence on the porosity, and 
density of voids. 
a) b) c) 
 d)  
Figure VII.27: Backstress influence during the uniaxial tensile test; a) Tensile stress-strain 
curves, b) Triaxiality, c) total porosity f-strain curves, d) void density-strain curves for the DPI 
steel. 
 
 Simple shear test 
 
A pure shear test imposes certain stress components to be equal to zero:
1 2 3 31 230  ; 0         . Only the shear stress component is different from zero, in the 
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The triaxiality evolutions, which are not sketched here, are all equal to zero due to the 
definition of the mean stress (including no shear direction). Also, the kinematic hardening has 
no influence regarding the cases (3). 
The same conclusion as for the uniaxial tensile test can be written when analyzing the stress-
strain curves in Figure VII.28a. The simple shear test shows that the damage is not predicted 
(see Figure VII.28b-c). Consequently, the total porosity f is constant and equal to f0. The 
density of voids (fig VII.28c) is increasing due to the contribution of the equivalent shifted 
stress in the Landron nucleation law (see Eq IV.33). The equivalent void radius evolution (not 
in Figure VII.28) is equal to zero due to its dependency on the triaxiality factor. The shifted 
equivalent stress in the simple shear can be approximated at 12( ) ( ) 3eqv eqvX       . 
Again, the future work will be to take into account the damage due to shear loading. 
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c)  
Figure VII.28: Backstress influence during the simple shear test; a) Tensile stress-strain 
curves, b) total porosity f-strain curves, c) void density-strain curves for the DPI steel. 
 
VII.3.5.2 Equivalent stress response to backstress definition 
 
In this part of the study, the four triaxiality definitions (see Table VII.2) have been applied on 
the simulated notched specimen already presented in chapter VI. As mentioned in the single 
element simulations, the graphic (Figure VII.29a) underlines that the backstress (X) has no 
influence on the mean normal stress (mean value at the minimal cross-section). In opposite, 
the graphic (Figure VII.29b) underscores the importance of taking the anisotropic equivalent 
shifted stress (with respect to the Hill criterion). The difference with the traditional triaxiality 
( 1T ) appears at the coalescence stage when the material softens and the backstress is applied. 
 
a) b)  
Figure VII.29: Backstress influence during the cylindrical notched specimen loaded in tensile 
test; a) Axial stress-strain curves in cases 3 and 4, b) Tensile stress-strain curves in cases 1 and 
2. 
 
The backstress tensor has no influence on the sigma mean stress regarding the triaxiality 
curve evolution ( ( )m mX     and case (1) =case (2)). In fact, Figure VII.30 expresses the 
idea that the mean stress and the mean shifted stress are equal. The impact of the backstress is 
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One can observe that the anisotropic equivalent shifted stress has a higher triaxiality value. 
Both case 3 and case 4 are different from case 1. As a consequence of this introduction, it is to 
notice a strong peak of the triaxiality value at the beginning of the loading when the 
backstress is introduced in the equivalent stress, meaning ( ) ( )eqv eqvX     . 
 
Figure VII.30: Backstress influence during the cylindrical notched specimen loaded in tensile 
test, triaxiality-axial strain curves for the DPI steel. 
 
The impact on the damage variables (provided as their mean value at the minimum cross-
section) is shown below. Indeed, the backstress tensor can be neglected on the mean stress 
definition regarding the porosity evolution. 
The same conclusion can be taken on the porosity (Figure 31a) regarding the influence of the 
backstress but with a particularity concerning the anisotropic equivalent shifted stress. In fact, 
the impact of this tensor starts at around 0.65 of axial strain which is the same as the axial 
stress-strain evolution (fig VII.29). 
As seen for the porosity, the stress, and the triaxiality variables, the backstress tensor has no 
influence on mean stress for the density of voids evolution (Fig VII.31b). The influence of 
this tensor significantly impacts the equivalent shifted stress. The gap between the two 
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a) b)  
Figure VII.31: Backstress influence during the cylindrical notched specimen loaded in tensile 
test, a) porosity f due to void coalescence-axial strain, b) density of voids-axial strain curves 
for the DPI steel. 
In outline, a negligible influence of the backstress tensor on the mean stress through diverse 
simulations (tensile tests, simple shear test) has been observed. The mean stress can 
approximated as following: ( )m mX     in the GTNBF model. In the opposite analysis, a 
strong impact of this tensor variable on the equivalent stress has been noted and quantified
( ) ( )eqv eqvX     . As a consequence, it modifies the evolution of the triaxiality 
especially at the beginning of the loading. The damage occurs earlier and affects only the end 
of the stress-strain curve. Finally, the porosity (f) and the density of voids (N) seem to the 
most sensitive variables sensitive to the definition of the equivalent stress. 
VII.4 Conclusions  
 
The potentialities of the GTNBF model have been established by conducting a parameter 
variation in the aim to evaluate their influence on the damage state variables. 
First, the introduction of the anisotropy through Lankford coefficients in the GTNBF model 
has a strong effect on the porosity, and the void density. Globally, the stiffness of the voided 
DP steel is lost faster and yields to earlier fracture for stronger anisotropic material. The 
GTNBF model in Abaqus-Explicit demonstrates that the contribution of the anisotropic 
plastic affects at the porosity evolution due to void growth and the void nucleation. 
Afterwards, the tensile test on the cylindrical notch specimen highlights the strong importance 
of taking into account the cavities evolution in the modeling. The stress extracted at the center 
of the specimen softens at around 50% of strain before fracture brutally occurs. A more 
detailed investigation on fo and ff parameters points out their significant influence on the 
damage modeling in the Landron voids nucleation evolution [LAN 2011]. It is characterized 
by a sharply drop of the axial stress value when the initial void volume fraction increases in 
the material. Also, the ff sensitivity study underscores that this failure parameter modifies the 
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Beside this sensitivity parameter study, a mesh influence has been carried out on a tensile 
notched specimen, where six different element sizes and an adapted mesh design have been 
compared. A strong heterogeneity of the distribution of the damage variables (porosity f, 
density of voids N) through the sample cross-section was observed. The element size had no 
influence on the axial strain and equivalent void radius distributions, except for a too coarse 
element size. The damage state variables such as the porosity and the density of voids seem to 
be more mesh sensitive. As stated earlier, in the current study, the element size choice has 
been restricted by the experimental conditions to densities which verify by far these numerical 
considerations. 
The responses of the GTNBF model have been validated by using the "adapted mesh" 
designed to ensure an accurate extraction of average values over the same volumes/areas of 
observation as in the actual experiments. The predicted porosity evolution from Landron et al. 
[LAN 2011] is well validated up to a strain of 0.5. Furthermore, each of the two ingredients of 
the porosity evolution, number of voids and their mean radius are in good agreement with the 
experimental evolutions, thus confirming the importance of this physically inspired 
description. For larger strain levels, the apparition of the coalescence weakens the physical 
meaning of these quantities and of the hypothesis of spherical voids. Consequently, a simple 
phenomenological description is adopted to describe this phenomenon. In addition to the 
average values used for the confrontation to experiments, the numerical simulation illustrates 
the heterogeneity of most state variables, with the maximum values of, e.g., porosity and 
plastic strain, located near the center of the specimen. This heterogeneity, which increases 
during the loading, exhibited little mesh sensitivity prior to the development of coalescence. 
Computing the mean stress tensor value or the mean of the shifted stress tensor demonstrates 
low value of the mean backstress and no impact on m  or ( )m X   . The conclusion is 
different when dealing with the equivalent stress tensor. For this case, taking into account the 
shifted value due to the backstress modifies the computation results. 
As a consequence, the damage occurs earlier and affects only the end of the stress-strain curve 
for the studied tests. At the end of the loading, the porosity and the density of voids seem to 
be the most sensitive variables to the definition of the equivalent stress. 
Next to these significant potentialities of the current ductile damage model, some limitations 
have been noticed. The first constraint concerns the lack of damage evolution in simple shear. 
Unfortunately, experimental evolution of the porosity f and the density of voids on such 
loading cases have not been realized during the PhD time framework. Consequently, the 
GTNBF model contains no contribution of these loading cases. Chapter IX will give more 
details regarding the possibilities to take into account these components. The second 
limitation is focused on the great number of material parameters required by the model. 
Indeed, compared to existing GTN model present in Abaqus-Explicit, the user has to 
introduce and identify 21 material parameters for the GTNBF model when the GTN model 
only needs 14. The last restriction is the small element size required to accurately analyze the 
strong heterogeneity of the distribution of the damage variables and the localization of the 
fracture initiation. Therefore, this point requires generating refined meshes which increases 
the calculation duration. 
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Products developed by steelmakers such as ArcelorMittal usually follow a so called product 
development process. The product characterization starts with an evaluation of the first idea, 
then the study of the opportunity, conception, industrialization, the commercial perspectives 
and finally the volume and the innovation. During this process, samples are ordered with a 
specific geometry. Two samples can be designed: the cold rolled flat sheet with a thickness 
from 1 to 2mm and the hot rolled flat sheet from 2 to 4mm thick. 
According to ArcelorMittal proceeding [BOU 2011], the samples are analyzed to check the 
interest of the material (mechanical properties in three directions, chemical analysis, and 
microstructural observation). When the samples are validated for forming application 
(Forming Limit Diagram FLD), folding tests, uniaxial tensile on cut edge, hole expansion, 
cross tool ..., the fatigue and other tests are considered. 
After this sheet metal-forming process brief overview, the present chapter is focused on 
comparing the experimental and simulated behavior of 1.5 mm cold rolled flat sheets in two 
industrial applications. The first part is dedicated to constrain the DPIII steel specimen in 
uniaxial tensile test (smooth, holed, notched sheets) and the second part compares the DPI and 
DPIII steels using the cross-die drawing test. 
VIII.2 Tensile tests 
 




The present mechanical experiments consist of: 
 Tensile tests on smooth specimens at low deformation speed. 
 Quasi-static tensile tests on notched specimens (2, 5, 20mm radius). 
 Quasi-static tensile tests on holed specimens (5mm radius). 
 
All tensile tests have been performed on a 100 KN Zwick force machine at 8.10
-3
 1/s 
deformation speed. The flat geometries made of DPIII steel used in this experimental 
campaign are illustrated in Figure VIII.1. 
Figure VIII.1a sketches the smooth specimen based on the 1.5 and 2mm thick cold rolled 
sheet. Then, Figure VIII.1b illustrates the 1.5 mm thick flat sheet used to build the 2 and 20 
mm notched radius specimens. Thus, Figure VIII.1c shows the 5 mm notched radius 
specimen. Eventually, the 5 mm holed radius specimen used in this study is drawn in Figure 
VIII.1d. 
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Figure VIII.1: a) Smooth, b) 20mm notch, c) 5 mm notch, d) 5 mm hole specimen sketches. 
The specimen mounted in the tensile machine is often equipped with strain gauges or 
extensometer to measure the deformation components (see figure VIII.2). Unfortunately, 
these measurement methods contain some drawbacks. When using strain gauges, it appears 
that the gauges slide or are not well stuck on the surface and some data are usually missing. 
For the extensometer method, it seems that the use of this mechanical equipment facilitates 
the failure apparition. 
In recent years a non destructive technique called digital image correlation (DIC) has been 
applied on sheet steel tests with many in-house and commercial software tools. 
Briefly, it used proper image magnifications and decorated surface contrast patterns internally 
called by ArcelorMittal researchers "Mouchtis". According to Yang et al. [YAN 2012] large 
plastic strains and high strain gradients over gage dimensions as small as only a fraction of the 
original sheet thickness within the necking region in a thin sheet can be easily mapped out in 
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post-necking effective plastic stress-strain curves and improves the accuracy and reliability of 
some analytical methods. 
 
The bunch of mechanical tests realized in ArcelorMittal laboratory in Maizières-Les-Metz 
with Zwick machine was equipped with the optical system ARAMIS developed by GOM 
group. Figure VIII.2 presents the tensile machine with two cameras of 2448*2050 pixels 
resolution. It records the evolution of the "Mouchtis" painted on the surface of the specimen 
made with acrylic paint. 
 
 
Figure VIII.2: Experimental tensile test setting using the DIC method in ArcelorMittal 
research Laboratory in Maizières-Les-Metz. 
At each measurement step, pictures are taken. The most important image is captured at the 
very beginning when no force is applied. It defines the elements constituting the initial virtual 
meshing of the tested specimen. These configurations provide the reference picture before any 
loading. Figure VIII.3 shows all virtual meshing created with the system ARAMIS. Their 
dimensions are just about 0.35*0.35 mm². 
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Figure VIII.3: Virtual meshing (DIC method) of the tested specimen built before the loading. 
The coordinates are followed by correlating the pictures and recording them all along the 
loading until the fracture occurs. Unfortunately, the instantaneous strain at fracture is not 
recorded and only the picture is taken when the specimen is failed in two pieces. The data 







Chapter VIII          Applications 
~ VIII.6 ~ 
 
setting, the local deformation can be more accurately estimated with a mechanical 
measurement method. The recording frequency is limited at 0.2 to 1 picture per second [LOR 
2011] depending on the fracture type, location and propagation speed. For each specimen, 
three tests are provided: one to calibrate the tensile force device, another to estimate the 
recording frequency and the painting contrast "Mouchtis" with the cameras. Finally, the last 
one really serves to the tensile test. 
The most expensive time cost is the analysis of the measurements. For each deformation step, 
engineers have to fit the virtual meshing with the chosen picture and calculate the local strain 
components.  
VIII.2.1.2 Finite element simulations and post processing 
 
Finite element simulations 
 
Numerical simulations of the tensile specimens presented above were carried out using the 
GTNBF model implemented via a VUMAT in Abaqus-Explicit (see chapter VI). The half of 
each specimen has been meshed using 3D finite element with 8-node brick element (C3D8R). 
The modeling procedure has been already presented in chapter VII.2.2. 
Figure VIII.4 shows the generated meshed geometries. They are constrained by the specific 
post-processing procedures developed in order to extract from the numerical simulations the 
physical quantities corresponding to those obtained from the experiments. Homogeneous 
velocity boundary conditions were applied on the top surface, along with usual symmetry 
boundary conditions in axial direction. The material properties introduced in the GTNBF 
model, corresponding to DPIII steel sheet have been presented in Table.4 of chapter V. 
 











specimen   
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Post processing of FE values 
 
Comparison between finite element and experimental tests has been done by extracting the 
force, the displacement and the local strain. The force history (F) has been extracted by 
adding the force values of the nodes located on top of the specimen. The displacement has 
been taken at the same node location as the experimental point. The elongation has been 
deduced near the surface reduction. Unfortunately, a so called cushioning effect has been 
found with all specimens. Where the thickness is unequally reduced along the width and the 
breadth are unequally reduced at one edge making difficult the surface calculation as seen in 
Figure VIII.5. This effect has also been described by Choung et al. [CHO 2008]. 
Consequently, mean values of the thickness and the breadth have been considered when this 
effect appears. 
 
Figure VIII.5: Cushioning effect. t and b are respectively reduced thickness and breadth [CHO 
2008]. 
Thanks to values (thickness and breadth), the axial stress and strain have been recalculated 
with respect to the expressions below Eqs VIII.1-2. 
 
The average stress calculation uses the measurement of the minimal cross-section of the 





   (VIII.1) 
 





   (VIII.2) 
 
With S0 and S (thickness*breadth) are the initial and the current section of the minimum 
cross-section. 
 
The maximum and the last recorded effort before fracture extracted from the experiment are 
taken as a reference to determine the axial strain and the fracture location in the simulation. 
With this information in mind, the damage state variables evolutions (f, N, R) of each 
geometry will be compared. 
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VIII.2.2 Results and comparisons 
 
The current section presents the experimental/simulation results from the tensile tests. The 
comparisons have been done with DPIII steel presented in Table V.4. 
VIII.2.2.1 Smooth specimen 
 
As explained in VIII.2.1.2, the axial stress is calculated by using the force measured with the 
tensile device. Afterwards, the surface at the minimal cross-section is defined in the 
experimental data by extracting the axial and width strain. Regarding the simulation, the 
surface at the minimal cross-section is extracted at each time increment. Figure VIII.6 shows 
the evolution of the force-displacement (a) while the left graphic corresponds to the axial 
stress-strain curves (b). Although a small gap between the experiment and the calculation is 
detected, the comparison is satisfying. Surprisingly, the usual stress softening is not drawn for 
the experimental curve whereas the GTNBF model clearly shows this behaviour. As a rule, 
the strain measurement with DIC method is often not very accurate when approaching the 
coalescence or failure stages. According to specialists concerned with this matter, results can 
be improved by using cameras with higher resolutions. The flip side of this enhancement is 
the huge among of data to analyze, increasing significantly the data time analysis. 
 
a) b)  
Figure VIII.6: Tensile test on smooth specimen for DPIII steel, a) force-displacement curves, 
b) axial stress-strain curves. 
The visualization of the strain isovalues (Figure VIII.7a-c) before the fracture point confirms 
that the previous stress and force gaps (Figure VIII.6) measured between the experiment and 
the simulation are caused by the lack of coating "Mouchtis" in the Virtual meshing surface 
(see Figure VIII.3). 
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a)  b)  
c) d)  
Figure VIII.7: Isovalues of the tensile test on smooth specimen for DPIII steel before the 
fracture point; major strain a) Experiment and b) simulation; minor strain c) experiment and 
d) simulation. 
Despite the lack of coating, simulation and experiment show that the fracture appears at the 
same area. The crack (see below) is inclined to the loading direction at one-fourth distance 
from the top and not located at the middle of the specimen as usually expected for this kind of 
testing. The experimental test (Figure VIII.7a) shows a total fracture after 41% of deformation 
and the GTNBF model predicted the fracture initiation at 46% of axial strain as illustrated in 
Figure VIII.8b. The simulation reveals that the deformation seems to be homogenous near the 
central region of the necking and not uniform in the neutral area underlined by a cross failure 
form. 
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Figure VIII.8: Fracture visualization of the smooth specimen made of DPIII steel, a) 
Experiment, b) Simulation with distance inter-cavities criterion (λf), (blue is equal to zero and 
red is equal to 1). 
Similar observations have been described by Niazi [NIA 2012] when developing an 
anisotropic damage model named as modified Lemaitre model. 
During his PhD work, he performed a likewise tensile test on a DP600 where martensite 
bands oriented in 90° of the rolling direction on a flat sheet equipped with the same system 
ARAMIS to measure the deformation components. These results show that the crack is 
inclined to the loading direction (Figure VIII.9a) and the strain is dominantly concentrated in 
the central region of the neck, and not uniform along the cross-section, see Figure VIII.9b-c. 
a)  b) c)  
Figure VIII.9: a) Images captured from the ARAMIS system during failure of the DP600 
tensile specimen TD (cut in 90° of the rolling direction); b) major strain distribution after the 
test was stopped, c) Just the moment before the fracture appears [NIA 2012]. 
The same author performed tests on the similar Dual-Phase steel where the martensite bands 
were oriented in 0° of the loading direction. A different failure mode is highlighted. The crack 
(a) Experimental part :Fracture after 
41% of axial strain
(b) GTNBF model 
predicted the 
fracture initiation at 
46% of axial strain
Middle of the specimen
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is now perpendicular to the loading direction (Figure VIII.10a) and the strain is as well 
dominantly concentrated in the central region of the neck (Figure VIII.10b-c). Tensile tests on 
different DP600 microstructures proved that the crack initiation seems to depend on the 
martensite bands direction compared to loading direction. So the anisotropy of the material 
affects its damage field. 
a)  b) c)  
Figure VIII.10: a) Images captured from the ARAMIS system during failure of a DP600 
tensile specimen RD (cut in 0° of the rolling direction); b) major strain distribution after the 
test was stopped, c) Just a moment away from the fracture apparition [NIA 2012]. 
For the DPIII steel, Figure VIII.11 shows the isovalues of axial stress-strain component, 
triaxiality factor (TB), numerical density of voids per mm³ (N), mean void radius (R) and 
porosity (f). These isovalues are shown at the moment when the maximum plastic strain is 
close to 0.46 in the minimal cross-section. The damage variables and the axial stress are 
maximum at the center of the necking section due to the high concentration of the plastic 
deformation and the triaxiality. 
 
Figure VIII.11: Simulation results isovalues when maximum plastic strain is near 0.46: axial 
strain, axial stress, triaxiality, porosity, mean void radius and numerical void density. 
18
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Figure VIII.12 provides for indication the evolution of the damage state variables evolutions 
(f, N, R) recorded at the maximum plastic strain. 
 
Figure VIII.12: Tensile test simulation results with GTNBF model for DPIII steel; a) total 
porosity -axial strain curve, b) void density-axial strain curve, c) void mean radius-axial strain 
curve. 
VIII.2.2.2 Notched specimens 
 
VIII.2.2.2.1 Comparison experimental/simulation 
 
Given that the notch radius dimension in cylindrical specimens has a strong influence on the 
triaxiality evolution as numerically seen in chapter VII (section 2.3) and confirmed by the 
experiments of Landron et al. [LAN 2011], three notched flat sheets have been tested and 
compared to the simulations: 2-5 and 20mm radius. It will be verified if the influence remains 
true for flat specimens. 
 
2mm notched radius 
 
Figure VIII.13 underlines the evolution of the force in function of the displacement (Left) and 
the local axial stress-strain curves (Right) for the experiment and the simulation tensile test. 
Both comparisons are in good agreement during the loading. 
(a) (b)
(c)
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a) b)  
Figure VIII.13: Tensile test on 2mm notched specimen for DPIII steel, a) force-displacement 
curves, b) Axial stress-strain curves. 
Following the quantitative analysis, comparison between the DIC-measured and FE computed 
surface strain field has been performed. Figure VIII.12 illustrates the experimented and 
simulated isovalues of major (a) and minor (b) strain shortly before the material failed (0.47 
of axial strain). At first, the maximum axial strain contours in both cases are similar and 
concentrated at the notch root. Besides, the transversal deformation representing the minor 
strain is experimentally and numerically in good agreement. A minor strain value is found at 
around -0.27. 
 
Figure VIII.14: Experimented and simulated isovalues of the tensile test on 2mm notched 
specimen for DPIII steel before the fracture point; a) major strain b) minor strain. 
When the fracture physically occurs, the "Mouchti" gives no more contrast field and the 
camera is not able to record the strain. On the face of it, the exact position of the fracture 
initiation cannot be experimentally detected. Fortunately, the numerical counterpart tensile 
test is capable to accurately localize and follow the weak zone thanks to the additional 
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IV section 3.3 is based on integrating the physical measurement of the mean distance between 
two cavities (λ) provided by Landron [LAN 2012] (see eq.IV.38). 
 
The analysis of this criterion is summarized in Figure VIII.15 where the evolution of the 
fracture initiation criterion is shown during the loading. The picture illustrates that the fracture 
initiates at the notch root where the maximum plastic strain (0.47 of strain, bottom left) has 
been previously extracted (Figure VII.16a) and assumedly ends at the middle of the surface 
(0.94 of strain, bottom right). Bearing in mind this fracture kinetic, it can be assumed that the 
fracture propagates brutally inside the material. 
 
Figure VIII.15: Fracture initiation localization on the 2mm notched radius specimen simulates 
in tensile direction with DPIII material (blue is equal to zero and red is equal to 1). 
Figure VIII.16 gives the isovalues overview of numerical density of voids per mm³ (N), mean 
void radius (R) and porosity (f). These isovalues are shown at the moment when the maximum 
plastic strain is close to 0.47 in the minimal cross-section. The damage variables and the axial 
stress are maximum at the notch root of the necking section due to the high concentration of 
the plastic deformation and triaxiality. 
at around 47% of strain
At 47% of axial strain
At 94% of axial strain
Fracture after 47% of 
axial strain
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Figure VIII.16: Simulation results isovalues when maximum plastic strain is near 0.47: 
porosity (max value at 1.6%), mean void radius (max value at 2.68 µm) and numerical void 
density (max value at 59610 voids/mm³). 
5mm notched radius 
 
Following the same analysis procedure as for the 2mm notched radius tensile specimen, 
simulations are performed of the experiments on the specimens with a 5mm notched tensile 
specimen. 
Figure VIII.17 presents the quantitative results in term of force-displacement (a) and stress-
strain (b) evolutions. Figure VIII.17a depicts the simulated force-displacement curve (red 
line) along with the corresponding experimental data (blue line). A 1kN force gap is observed 
between the simulation and the experiment when the curves reach their maximums. The 
differences between the finite element calculation and the experimental force evolutions have 
different causes. Some possibilities are described hereafter. The first one assumes that the 
force sensor has not been recalibrated after each test. Indeed, it often appears that the zero 
force is not really obtained after clamping the specimen in the device. It results that the tensile 
test starts at a value below the zero force. In addition to these experimental remarks, the 
simulation does not take into account the residual device stress after the specimen clamping. 
Considering that, the force evolution starts at exactly zero for the simulation. The second 
cause less clear to demonstrate is based on the displacement measurement. An error on the 
coordinate point taken for extracting the experimental and simulated axial displacement has 
perhaps been introduced. The third assumption is attributed to the DIC algorithm and 
differences in the location of the reported displacement. This hypothesis has been shortly 
described by Luo et al. [LUO 2012]. The last cause is that the displacement is not constant 
along the width of the specimen at that position [MAR 2012], [DUN 2010]. If so, it explains 
that the displacements measured with the DIC method are over estimated. However, Figure 
Porosity f
Equivalent void radius [mm]
Void density N [mm-3] 
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VIII.17b underlines that the evolution of the local axial stress-strain curve for the experiment 
is in good agreement with the simulation which validates the good measurement of the strain 
with the virtual extensometer (DIC method). 
a) b)  
Figure VIII.17: Tensile test on 5mm notched specimen for DPIII steel, a) force-displacement 
curves, b) Axial stress-strain curves. 
Figure VIII.18 illustrates the experimented and simulated isovalues of major (a) and minor (b) 
strain shortly before the material failed (0.42 of axial strain). At first, the maximum axial 
strain contours in both cases are similar and homogenously distributed at the cross-section. 
Besides, the width deformation representing the minor strain is experimentally and 
numerically in good agreement. A minor strain value is found at around -0.23 and 
concentrated at the notch root. These comparisons validate the stress-strain curve 
extrapolation for large strains seen in Figure VIII17b. In opposite to the 2mm notched radius 
specimen, the maximum plastic strain location is not clearly identified with the simple 
observation of the strain contours. 
 
Figure VIII.18: Experimented and simulated isovalues of the tensile test on 5mm notched 
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The axial strain contour plots at the fracture initiation for the 5mm notched tensile test have 
revealed a homogenous strain distribution. However, the analysis of the mean distance 
between two cavities (λ) evolution has pointed out the exact fracture initiation location as seen 
in Figure VIII.19 (Top right). The picture depicts that the fracture initiates at the middle-
surface of the minimal cross-section where the plastic strain is maximum (0.42 of strain, 
bottom left). The fracture progress is assumed to end up at the edge of the cross-section (0.72 
of strain, bottom right). Comparison with the 2mm notched radius specimen shows a different 
fracture mechanism, underlining the importance of the notch radius size. A micrographic 
analysis observation has to be done to exactly localize the fracture initiation. 
 
Figure VIII.19: Fracture initiation localization on the 5mm notched radius specimen simulates 
in tensile direction with DPIII material, (blue is equal to zero and red is equal to 1). 
 
Figure VIII.20 gives the isovalues of numerical density of voids per mm³ (N), mean void 
radius (R) and porosity (f). These isovalues are shown at the moment when the maximum 
plastic strain is close to 0.42 in the minimal cross-section. The damage variables are 
maximum at the middle of the necking section due to the high concentration of the plastic 
deformation and the triaxiality. 
Fracture after 40% of 
axial strain
At 42% of axial strain
At 72% of axial strain
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Figure VIII.20: Simulation results isovalues when maximum equivalent plastic strain is near 
0.42: porosity (max at 0.5%), mean void radius (max at 2.68 µm) and numerical void density 
(max at 20370 voids/mm³). 
20mm notched radius 
 
The same analysis as for the previous notched specimens has been conducted with the largest 
notched radius. Figure VIII.21 presents the quantitative results in term of force-displacement 
(a) and stress-strain (b) evolutions. Figure VIII.19a depicts the simulated force-displacement 
curve (red line) along with the corresponding experimental data (blue line). 
The force displacement curves are not well correlated after 0.4mm of displacement between 
the experiment and the simulation. After analyzing the entire experimental data to find the 
best fitting point (see Figure VIII21a) some DIC algorithm problems and differences in the 
location of the reported displacement have been found. The error on the exact displacement 
could be due to the inaccurate correlation points taken during the uniaxial tensile loading. In 
opposite, the axial stress- strain curves between the experiment and the calculation are very 
closed. The stress evolution stops brutally at around 0.48 of axial strain, defining the fracture 
of the specimen with no stress softening. 
a) b)  
Figure VIII.21: Tensile test on 20mm notched specimen for DPIII steel, a) force-displacement 
Porosity f
Equivalent void radius [mm]
Void density N [mm-3] 
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curves, b) axial stress-strain curves. 
Figure VIII.22 illustrates the experimental and simulated isovalues of major (a) and minor (b) 
strain shortly before the material failed (0.48 of axial strain). The maximum axial strain 
contours in both cases are similar and concentrated at the minimal cross-section. Besides, the 
radial deformation representing the minor strain is experimentally and analytically in good 
agreement. A minor strain value is found at around -0.16 with a larger homogenous 
distribution around the cross-section. These comparisons validate the stress-strain curve 
extrapolation for large strains seen in Figure VIII21b. Likewise to the 2mm notched radius 
specimen, the maximum plastic strain location is clearly identified at the middle-surface of 
the necking (see Figure 22a). 
 
Figure VIII.22: Experimented and simulated isovalues of the tensile test on 20mm notched 
specimen for DPIII steel before the fracture point; a) major strain b) minor strain. 
The finite element analysis of the mean distance between two cavities (λ) evolution confirms 
that the fracture initiates the same way as the 2mm notched radius at the middle-surface of the 
cross-section where the plastic strain is maximum (0.44 of strain, bottom left). Surprisingly, 
the fracture progress is not ending brutally at the edge of the cross-section (0.72 of strain, 
bottom right in Figure VIII.23) but slowly going up. Comparison between the 2mm and 5mm 
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Figure VIII.23: Fracture initiation localization on the 20mm notched radius specimen 
simulates in tensile direction with DPIII material (blue is equal to zero and red is equal to 1). 
 
Figure VIII.24 gives the isovalues of numerical density of voids per mm³ (N), mean void 
radius (R) and porosity (f). These isovalues are shown at the moment when the maximum 
plastic strain is close to 0.44 in the minimal cross-section. The damage variables are 
maximum in the middle of the necking section due to the high concentration of the plastic 
deformation and triaxiality but zero around the root notch. 
 
Figure VIII.24: Simulation results isovalues when maximum plastic strain is near 0.44: 
porosity (max at 3.3%), equivalent mean void radius (max at 3 µm) and numerical void 
density (max at 75000 voids/mm³). 
Total Fracture after 47% 
of axial strain
At 44% of axial strain At 72% of axial strain
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Equivalent void radius [mm]
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VIII.2.2.2.3 Conclusion and discussions 
 
The current part collects and compares the force, the triaxiality and damage evolutions for the 
three studied flat notched specimens. Here, the aim is to highlight the influence of the notch 
radius dimension. 
Before giving more details, it is important to underline that this kind of study has been done 
for the notched cylindrical specimens in chapter VII when estimating the potentialities and 
limitations of the GTNBF model (see VII.3). In this section discussions will take place to 
verify if the notch radius dimension also more affects the triaxiality factor than the damage 
variables as in chapter VII when using a flat sheet. The introduction of the damage variables 
in the GTNBF model lead to the stress softening causing high localizations of the strain, 
density of voids per mm³ (N), mean void radius (R) and porosity (f) fields. Numerous studies 
on tensile notch specimens have been published with mesh adaptation to the damage 
phenomenon [BOR 2005], [ROD 2000], [SVE 2000], [ROD 2001], [AND 2004], [ASK 
2000]. Unfortunately, the current damage model has no such a remeshing tool, therefore a 
homogenized element size definition equal to 0.25*0.25 mm² has been created around the 
cross-section to minimize the mesh influence. This element size has been set inferior to the 
virtual mesh required by the system ARAMIS (see section VIII.2.1.1). It insures a good 
agreement between the experiment and simulated strain evolutions. In front of that, the force 
and the displacement resulting from the experiment have been compared to the simulated 
counterparts with an average success. Nevertheless, it has to be pointed out that the simulated 
flat notch sheet loaded in tensile direction does not take into account the stiffness of the global 
tensile device. In our point of view, this hypothesis explains in half part why a slight softening 
has been observed in the experimental force-displacement evolution. 
Figure VIII.25 depicts the force-displacement (a) and the triaxiality-displacement curves of 
the three notch radius (2, 5, 20 mm). 
The force-displacement curves show that the notch radius dimension has a real impact on the 
mechanical material behaviour. It also highlighted by a strong concentration of the triaxiality 
and plastic deformation at the fracture area. Analyzing the triaxiality-displacement curves, it 
can be underlined that the notch radius size reduction increases the triaxiality factor at the 
beginning of the loading. 
The second idea resulting from this comparison is that the 2 and 5 mm notch radius are quite 
identical in term of force-displacement and triaxiality at 0 displacements. The third idea 
expresses the fact that if the notch radius is increased above 20 mm, the force-displacement 
curves will tend to decrease until reaching the smooth specimen behaviour. In the same way, 
the triaxiality value will approach 1/3 which is the theoretical calculation for a specimen 
without notch. 
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a) b)  
Figure VIII.25: Influence of the notch radius size during the tensile test for DPIII steel, a) 
force-displacement curves at the top of the specimen, b) triaxiality-displacement curves. 
The notch radius influence on damage variables is presented in Figure VIII.26. The decrease 
of the notch radius is favorable to a rapid void growth (see Figure VIII.26a) and new void 
nucleation (see Figure VIII.26b). Apart from this, the mean void radius remains quasi 
unchanged (see Figure VIII.26c). 
a) b)  
c)  
Figure VIII.26: Notch radius design influence during a tensile test simulation with GTNBF 
model for DPIII steel; a) total porosity f -Displacement curves, b) void density-Axial 
Displacement curves, c) Mean void radius-Displacement strain curves (element located at the 
center of the minimal cross-section. 
The last discussion concerns the impact of the notch radius on the fracture initiation. The 
fracture initiation is detected when one element reach the critical inter-cavities distance (λ). At 
this moment, the element changes from blue (for zero) to red (for unit) color.  Comparison of 
the final axial strain resulting from the experimental and simulated tensile tests shows a good 
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adding some technical issues (tensile device stiffness not taken into account and lack of 
stochastic pattern applied to the surface using a color spray for some samples). At a first 
overview, Figure VIII.27 reveals a light notch radius influence on the axial strain value taken 
a moment before the material fails. However, a different conclusion is made when inspecting 
more carefully the fracture initiation areas thanks to the physical-based critical inter-cavities 
distance f  integrated for the first time in a ductile damage model. 
 
Figure VIII.27: Axial strain fracture comparison between the experiment and the GTNBF 
model during the flat sheet tensile test designed with various radii (for DPIII steel). 
Figure VIII.28 illustrates the fracture initiation moment detected when the mean inter-cavities 
distance reaches the critical value f  (measured at 20µm for all DP steel by Landron [LAN 
2011]) in the material for three notch radius sizes. The fracture initiation materialized by red 
color appears not at the same area for various notch radiuses. Indeed, the sample with the 
notch radius at 2 mm (left of the figure) fractures at the bottom of the notch radius near the 
cross-section, thus the 5 mm radius (center of the figure) fails at the middle of the cross-
section and eventually the biggest notch radius (right of the figure) fails at the same zone but 
with a weaker intensity. The failure zones describe likewise the maximum value of the plastic 
deformation and the triaxiality factor. 
 
 
Figure VIII.28: Critical inter-cavities distance f comparison during the flat sheet tensile test 

































Rnotch =20mmRnotch =5mmRnotch =2mm
Chapter VIII          Applications 
~ VIII.24 ~ 
 
In summary, the tensile tests on various notched radius flat sheets has underlined a strong 
influence of the radius design on triaxiality factor and damage variables especially the 
localization of the fracture initiation through the critical inter-cavities distance criterion (λf) 
introduced in the GTNBF model. 
 
VIII.2.2.3 Holed Specimen 
 
The ultimate results concern the tensile test on the 5 mm radius holed flat sheet. Figure 
VIII.29 presents the force-displacement curves (a) and the axial stress-strain curves 
comparisons between the experiment (blue color) and the simulation (red color). The force-
displacement curves show a mixed agreement. The curves are similar in elastic zone until 
reaching 0.2 mm of displacement. Thus, the curves begin to diverge when entering 
completely in the plastic stage. The calculation curve slows down earlier whereas the 
experimental one continues to rise. The usual softening on the coalescence beginning and the 
fracture stages are clearly visible in the calculated curve, while the experiment stopped 
brutally with a light curve inclination. Again, it is assumed that the experimental curve 
expresses a strong influence of the tensile test device stiffness which is not taken into account 
in the simulation settings. In the flip side of this analysis, the axial stress-strain curves are in a 
good agreement and underscores the quality of the virtual deformation technique measure 
with the system ARAMIS. 
Here, the stress evolution in both cases depicts no softening before the material completely 
fails. 
a) b)  
Figure VIII.29: Tensile test on 5mm holed specimen for DPIII steel, a) force-displacement 
curves, b) Axial stress-strain curves. 
The axial strain evolution coupled with the width strain isovalues (see Figure VIII.30) shows 
a good agreement between experiments and simulations and the final axial strain value 
recorded before the fracture occurred is at 0.595. 
In front of that, the maximum axial value is concentrated at the edges of the hole exactly in 
the necking-section (center of the specimen). The simulated test shows perfectly the same 
strain distribution. 
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Figure VIII.30: Experimented and simulated isovalues of the tensile test on 5 mm holed 
specimen for DPIII steel before the fracture point; a) axial strain (max at 0.54) b) width strain 
(min at -0.26). 
The axial strain concentrated at the edges of the hole corresponds to the final fracture 
localization. The picture of the specimen after the failure of the DPIII steel (top left) expresses 
a fracture perpendicular to the tensile direction. The same description can be easily seen when 
following the critical inter-cavities distance criterion (λf) implemented in the GTNBF model. 
A detailed observation of this variable confirms a fracture initiation at the edges of the hole 
and slowly progressing at the outside of the hole. The axial strain value extracted at 0.54 with 
the current GTNBF model is in similar range than the experiment and the axial strain value at 
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Figure VIII.31: Fracture initiation localization in the 5 mm holed radius specimen loaded in 
vertical direction with DPIII material (blue is equal to zero and red is equal to 1). 
 
Figure VIII.32 collects the damage isovalues when the fracture occurs. The porosity f, the 
void density and the mean void radius show a strong concentration at the same location as the 
fracture initiation presented in Figure VIII.31. 
 
Figure VIII.32: Simulation results isovalues when maximum plastic strain is near 0.54: 
porosity (max at 0.023%), equivalent mean void radius (max at 2.47 µm) and numerical void 
density (max at 18670 voids/mm³). 
At 54% of axial strain
At 80% of axial strain
Porosity f
Equivalent void radius [mm]
Void density N [mm-3] 
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VIII.2.2.4 GTN and GTNBF models comparison 
 
After analyzing the experimental tensile and the simulation results on various flat sheet 
geometries, the current section is focused on comparing the well known GTN to the GTNBF 
models predictions. Figure VIII.33 illustrates the force-elongation evolution of the five 
studied specimens (smooth, notch and hole). The GTN and GTNBF models are compared to 
the experiment for curves. As a rule, the GTN model is drawn in red line, the GTNBF model 
in blue and finally the experiment in green. It appears that the optimal comparison with the 
experiment is made with the GTNBF model. The smooth (a) and the 2 mm notch radius (b) 
specimen simulate with the original advanced Gurson model fractured earlier than the 
GTNBF model and the experiment. With other specimens, it appears clearly that the GTN 
model does not predict accurately the damage stage and the fracture point. For these latter 
cases, the force-displacement GTN-model curves are far beyond the experiment. 
a) b)  
c) d)  
e)  
Figure VIII.33: GTN and GTNBF models comparisons with a) smooth, b) 2 mm notch radius, 
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The fracture initiation localization has been inspected between the simulated and the 
experimental tensile test specimens. It seems that the GTN and the GTNBF models predict the 
same fracture initial location. However, differences are significant when comparing the final 
axial strain values located at the minimal cross-section. Indeed, Figure VIII.34 presents the 
axial strain when the distance inter-cavities (λ) reaches 1 for all specimens used in this 
chapter. More specifically, the green color symbolizes the experimental point; red the GTN 
model and blue is the GTNBF model. The last axial strain values for the GTN model have 
been extracted when the void volume fraction reach the critical value set at 0.0316 (see 
chapter V for the identification) for the DPIII steel. 
The analysis of the graphic shows a better prediction of the fracture initiation with the 
GTNBF model. As seen, the final axial strains are in good agreement with the experimental 
results when the advanced GTN is used for all type of flat sheets. 
 
Figure VIII.34: Axial strain fracture comparison between the experiment, the GTN model and 





The tensile experiment tests with digital image correlation (DIC) have shown in overall good 
results in term of deformations. Unfortunately, some difficulties have been encountered 
during the measurement regarding the force and displacement values. The force measured by 
the tensile device was sometime not well recorded due to some electrical instability. A post 
analysis treatment was needed to delete the force induced by the sample setting in the tensile 
device. On top of that, the "Mouchti" has shown sometimes bad tenacity especially after the 
maximum force was reached. Eventually, the displacement was not very good measured due 
to the lack of significant number of images taken with the camera after the maximum force, 
and in front of that some specimens were not well aligned with the tensile device. It is to 
underscore that the specimen dimension equal to 260*20*1.5 mm³ makes particularly difficult 
its installation without tilting. 
Also, the comparison force-displacement was not 100% successful due to the influence of the 
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However, the extraction of the axial stress (with help of the force measured by the tensile 
device) and the deformations (axial, radial, thickness directions, for the surface calculation at 
the minimal cross-section) have given a good correlation between the simulation and the 
experiment. 
The simulation using the GTNBF model predicts better than the GTN model the material 
behavior. Mainly, it is due to the introduction of all damage stages (void growth, nucleation 
and coalescence) physically based on an accurate tomography measurements [LAN 2011]. 
The damage model through the VUMAT shows with good accuracy the fracture initiation 
area correlated with the last image taken by the cameras after fracture. 
With these considerations, a better comparison could be done by reducing the grid points for 
the digital image correlation, make sure to calibrate the tensile device after each test and 
taking more images to catch the failure progress as done by Niazi [NIA 2012]. 
Finally, the GTNBF model has revealed a strong influence of the notch design during the 
tensile loading of the flat sheet specimen. Indeed, thanks to the inter-cavities distance criterion
f  various fracture initiation locations have been detected. 
 
VIII.3 Cross-Die Drawing test 
VIII.3.1 Experimental and finite element model 
 
The main idea of choosing the cross-die drawing test is to assess the drawing ability of the flat 
sheet in complex strain path and validate behavior laws such as GTN and GTNBF models 
with numerical simulations. According to Riel et al.[RIE 2009] the cross-die forming process 
covers a wide range of triaxialities and it is very useful for determining the formability 
coupled with a FLC (Forming Limit Curve) or known as a Keeler-Goodwin diagramm [GOD 
1968]. Also, apart from the wide range of triaxialities, some regions of the blank undergo 
severe strain path changes. In addition to this major advantages, the test  accurately simulated 
the sheet metal forming processes describing different forming modes better than a traditional 
deep drawing tests such as cylindrical or square cup drawing. This test simultaneously 
estimates the formability prediction and the material ranking. 
VIII.3.1.1 Experiments 
 
The current test has originally been designed to find the formability limits for aluminum 
during a joint venture research called 'Brite-Euram Light weight vehicle project 'in 1995 [BRI 
1995]. The final test geometry illustrated in Figure VIII.35b is designed to obtain all possible 
strain distributions in one overview to assess overall drawing performance. The final form 
presents both convex and concave drawn in a single punch action (see Figure VIII.35a). 
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a) b)  c)  
Figure VIII.35: a) The tools used for the cross-die test, b) The final configuration of the 




The cross-die deep drawing experiments have been performed on an industrial press 
following the ArcelorMittal standard procedure for deep drawing as seen in Figure VIII.36. 
The blank is a 300x300 mm² flat sheet made of DPI and DPIII steels (see Table .V.4 in 
chapter V). A lubrication called Quaker 6130 is applied on both sides of the blank to obtain a 
friction coefficient value of 0.13. The constant speed punch is around 30mm/s to attempt a 
critical punch displacement found at 26 mm and the blank holder force is measured at 333kN. 
 
Figure VIII.36: Schematic illustration of the deep drawing process on a circular sheet-metal 
blank, a) The stripper ring facilitates the removal of the formed cup from the punch, b) 
Variables in deep drawing of a cylindrical cup [KAL 2008]. 
The strain distribution was measured in the experiment that reached the critical height but did 
not localize. The strain was virtually obtained by gridding the blank with a 2.5 mm square dot 
marked onto the surface of the blank using electrochemical-etching technique. Figure VIII.37 
shows the gridded blank (a) and the strain diagram (b). The strain distribution is presented in a 
two-dimensional coordinate system, with the major strain plotted on the Y-axis and the minor 
Cross-dieBlank
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strain plotted on the X-axis. The magenta dots represent the isovalues of the deformed cross-
die at 26mm punch displacement. 
a) b)  
Figure VIII.37: a) The 2.5 mm square grid marked onto the blank surface, b) Representing 
major and the minor strain distribution of the blank part at 26mm punch displacement (for 
DPIII steel). 
 
VIII.3.1.2 Finite element model 
 
The cross-die test simulation was computed with Abaqus-Explicit using the proposed GTNBF 
damage model and the well known GTN model. One quarter of the blank has been meshed. 
The blank mesh consists of 10000 homogeneous elements and 5 elements have been taken in 
the thickness direction. The blank holder force is 83.25 KN representing one fourth of the 
total force. Although this test is used to characterize the material, other effects such as tool 
deformation and friction (through lubrication) play an important role as well [LIN 2008] 
[HOL 2010]. These effects are ignored in the current modeling and the tools are taken rigid. 
Therefore, the contacts between tools and blank are modeled with a penalty contact algorithm 
and the constant Coulomb friction coefficient is set at 0.13. 
The setting of the cross-die in Abaqus-Explicit finite element code is presented in Figure 
VIII.38. The tools are in green color and the blank is in blue. The orange triangles describe 
the symmetric conditions. The material properties of DPI and DPIII steels were already 
presented in Table V.3. 
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Figure VIII.38: Schematic One-fourth cross-die process set-up with the commercial finite 
element code (Abaqus-Explicit). 
 
VIII.3.2 Results and comparisons 
 
Simulation results of the cross-die drawing test with two damage models (GTN and GTNBF) 
were compared to the experimental measurements i.e. the punch force-displacement curves, 
the strain distributions and the fracture initiation localization. 
 
VIII.3.2.1 Punch Force-Displacement curves 
 
Figure VIII.39 and Figure VIII.40 respectively illustrate the punch Force-displacement curves 
for DPI and DPIII steels. The force is plotted on the Y-axis and the displacement on the X-
axis. In details, the dash curve belongs to the experimental punch force evolution while the 
solid curves are the simulated counterparts. The red solid curve represents the force-
displacement simulated with the GTN model whereas the blue solid curve is the result with 
the GTNBF model. 
As a rule for both DP steels, all curves can be divided in three stages. The first stage the 
contact pressure of the punch tool on the blank at 0 displacements. The force brutally surges 
from 0 KN to around 60 kN. The second stage is characterized by force stagnation at around 
60 KN between 0 and 5 mm of displacement. The third stage is the true linear force punch 
evolution followed by a sudden stop when the tool reaches the required height. 
 
Simulation and experiment comparison in Figure VIII.39 for DPI steel translates that the 
simulations reach their maximum force earlier than the experiment. The punch height found 
for the simulations is 30 mm where it is 35 mm for the experiment. This difference is often 
due to the experimental setting which requires more displacement to achieve the pressure 
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concerns a better agreement with the experiment for the cross-die drawing test with the 
GTNBF model. Indeed, it is astonishing to see the test simulated with the GTN model far 
below the experiment after 15 mm of punch displacement. It probably suggests that the 
isotropic hardening and the damage parameters are not well enough identified to model the 
current test. Besides, it is known from the previous application on flat sheet loaded in tensile 
direction that the classic GTN model is not the perfect ductile damage model candidate to 
reproduce an accurate material behaviour of the DP steel. It has been proved in section 
VII.3.4 in chapter VII that the GTN model with no kinematic hardening law and a 
phenomenological damage model are less accurate than the GTNBF model. 
 
Figure VIII.39: Punch force-displacement curves for DPI steel; GTN model in solid red, 
GTNBF model in blue solid, and Experiment in dash green. 
Herewith, Figure VIII.40 presents the comparison for the DPIII steel. The experimental force 
history strongly differs from the DPI steel (Figure VIII.39). For DPIII steel, the simulations 
reach at the same displacement their maximum force. On top of that, a fracture initiation has 
been experimentally detected near the corner of the blank when reaches its final form at 
around 20 mm of the punch displacement. This rupture happens in the same location as seen 
in Figure VIII.35c from Atzema et al. tested product [ATE 2004]. A necking has been also 
observed in both simulations. The simulations and the experiment are not perfectly 
superimposed but their agreement is sufficient to validate the modeling application. 
Focusing on simulations, one can observe that both damage models start the contact between 
the punch and the blank later and smoothly at around 3 mm compared to 0 displacements for 
the DPI steel. It seems that the material parameters significantly influence the contact 
pressure. Here, the punch is considered rigid like the blank holder and the die. Only the blank 
is taken as deformable body. In reality the tools are not rigid and the contacts are not perfectly 
set tight along the punch displacement. In recent publication Atzema et al. [ATE 2004] 
demonstrates in a similar test that the tools stiffness have a large influence on formability. The 
dominant deformation is bending of the blank holder. A localized blank holder contact with 
the blank due to bending of the tool results into a fully non - linear forming simulation with 


















Chapter VIII          Applications 
~ VIII.34 ~ 
 
the simulation with rigid tools. Apart from this observation, the graphic depicts that both 
finite element model evolve linearly and similarly until 15 mm of displacement. After this 
point, the damage models differently rise. The GTNBF model reach a maximum force around 
50% higher than the maximum value for the GTN model before sharply dropping down. 
 
 
Figure VIII.40: Punch force displacement curves for DPIII steel; GTN model in solid red, 
GTNBF model in blue solid, and Experiment in dash green. 
 
VIII.3.2.2 Friction coefficient influence 
 
In this study, the friction coefficient has been taken at 0.13 for the lubrication applied between 
the punch and the blank. Niazi [NIA 2012] and Hol [HOL 2010-2011] have observed that 
among the uncertainties causing the deviation of the experimental and the simulated force 
displacement curves, friction is one of the most important factor. Besides, Hol et al. [HOL 
2011] added that the friction evolution during the cross-die test is extremely difficult to 
understand and depends on the contact area and pressure. According to the same author the 
friction coefficient is not constant but varies during the loading. Wang et al. [WAN 2011] 
investigation shows that the profile of the draw die radius has a significant effect on the wear 
distribution, and that a lower contact pressure distribution can be achieved by using a 
combination of circular and high elliptical curved geometries. 
Unfortunately, the friction evolution data was not available during the experimental drawing 
process. However, the effect of changing the constant friction parameter has been conducted 
with the simulation model. In other words, the same cross-die simulation has been computed 
with a weaker friction coefficient between the punch and blank contact. This value has been 
taken at 0.001 representing a quasi frictionless contact model. It physically models the use of 
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The simulations conducted with the GTNBF model using a quasi frictionless value have been 
compared with the experimental value (0.13) and previous simulations in Figure VIII.41. The 
graphics compare results both for DPI (a) and DPIII (b) steels. The friction effects are 
significant on both materials. It appears that a weaker friction coefficient imposes a lower 
generalized force slope. A specific curve analysis of each DP steel reveals different influence. 
Figure VIII.41a unveils a 30% maximum force drop when a quasi frictionless value is 
introduced in simulation for the DPI steel. In opposite, Figure VIII.41b expresses a mixed 
influence for the DPIII steel. Indeed, in the simulation with a weaker friction value, the force 
is reduced all along the drawing process and delays the fracture initiation. When the fracture 
initiates at around 20 mm of punch displacement for the experimental friction value, the 
simulation with a weaker friction value (0.001) a later fracture at about 30 mm without force 
softening. 
With these analyses in mind, the idea of the pressure contact and area dependency initiated by 
the friction development from Hol et al. [HOL 2010-2011] is confirmed. 
a) b)  
Figure VIII.41: Friction coefficient influence on punch force displacement curves; a) DPI 
steel, b) DPIII steel. 
 
VIII.3.2.3 Strain distributions  
 
As already mentioned, the strain distribution has been experimentally measured on inner 
surface of the blank when the punch reaches the critical displacement of 26mm. Parallel to 
this experimental campaign, a determination of the forming limit diagrams has been 
conducted according to Nakajima method [NAK 1971] with DPI and DPIII steels. Numerous 
publications such as those from Goodwin [GOD 1968] Bao et al. [BAO 2004], Wierzbicki et 
al. [WIE 2005], Uthaisangsuk et al. [UTH 2008], Ramazani et al. [RAM 2010] and others 
[LEM 2003] [XUE 2007] [LIN 2008] [LI 2010] [PAN 2010] [LOU 2012] [LUO 2010] [PAN 
2011] have revealed some notable contributions on improving the forming limit curves 
determination and predictions for Dual-phase steels by using Nakazyma or Marciniak [MAR 
1992] tests. In all those enhancements, efforts have been essentially put to optimize tool 
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VIII.3.2.3.1 FLC diagrams determination through Nakazima procedure 
 
According to GOM (Gesellschaft für Optische Messtechnik) specialized in optical measuring 
techniques, the Nakajima tests, which determine the FLC diagrams, is based on the principle 
of deforming sheet metal blanks of different geometries using a hemispherical punch until 
fracture occurs (Figure VIII.42a). By varying the specimen width (Figure VIII.42b), different 
deep draw and stretch forming conditions occur on the sheet metal surface (from a regular 
biaxial deformation to a simple tensile load). The maximum deformations (prior to breakage) 
of the different specimen shapes are determined and define the forming limit curve of the 
corresponding material. The strains contributions are measured by using the optical system 
ARAMIS (same as the flat sheet tensile tests) thanks to a stochastic pattern applied to the 
surface using a color spray see Figure VIII.42c. The system ARAMIS calculates the 
characteristic values (theoretical maximum of major and minor strain) by the computation of 
an ideal shape of the curve from the captured measuring values. 
 
a)  b) c)  
Figure VIII.42: a) Schematic process set-up, b) different specimen geometries, from the entire 
blank to strongly waisted blanks c) undeformed and deformed Nakajima specimens with 




Figure VIII.43 and Figure VIII.45 provide the FLC diagrams respectively for DPI and DPIII 
steels. In details, the green solid curve connecting 8 points (averaged major and minor strain) 
represents the measuring results of 8 different sheet metal geometries. For each geometry, the 
deformations at material failure were evaluated for 3 specimens each with 3 sections and 
averaged in the diagram. The cloudy gray dot represents the experimental isovalues of the 
deformed cross-die at 26mm punch displacement. Eventually, the red triangle and the blue 
square dash points respectively for GTN and GTNBF models described the evolution of the 
simulated major and minor strain where the maximum plastic strain is reached. 
 
In the FLC diagram for DPI steel, all points are under the forming limit curve (green line). It 
means that the blank reaches its final form without failure at 26 mm of punch displacement. 
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This conclusion is also confirmed by the simulated cross-die drawing test using the GTN and 
the GTNBF models. 
 
Figure VIII.43: Experimental FLC, experimental cross-die strain distribution and simulated 
evolution of the major and the minor strain at 26mm punch displacement for DPI steel. 
The maximum major strain is located at the same position for both damage models as seen in 
Figure VIII.44. 
 
a) b)  
Figure VIII.44: Cross-die maximum major strain isovalues when the punch displacement is 
closed to 26 mm; a) GTN model, b) GTNBF model for DPI steel. 
The FLC diagram for the DPIII steel reveals different results which are completely opposite 
to the DPI steel. At first, a third of the experimental gray dots are near or far beyond the 
experimental FLC (green line). These results highlight that the final form of the blank 






















Experimental strain distribution at 
26 mm height
FLD-Experiment(ArcelorMittal)
GTN-Model (at maximum strain)
GTNBF-Model (at maximum strain)
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inspection. Indeed, some final products have been found with a necking around the corner of 
the cross-die as seen above in Figure VIII.35c (section VIII.3.1.1). 
The finite element predictions with GTN and GTNBF models converge to the same results. 
However, the GTN model plastic strain is less accurate by predicting a fracture initiation later 
at higher major strain and stopping its strain evolution just at the experimental FLC before 
decreasing. On the contrary, the GTNBF model shows a straightforward answer by detecting 
the failure earlier at another location on the blank (see hereafter section VIII.3.2.4). 
 
Figure VIII.45: Experimental FLC, experimental cross-die strain distribution and simulated 
evolution of the major- minor strain at 26mm punch displacement for DPIII steel. 
The maximum major strain is differently distributed as seen in Figure VIII.44. With GTN 
model, the maximum strain is located at the bottom of the cross whereas the GTNBF model 
shows its maximum value at the corner. 
 
a) b)  
Figure VIII.46: Cross-die maximum strain isovalues closed to fracture a) GTN model, b) 
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VIII.3.2.4 Fracture initiation 
 
The present section gives more information with respect to the fracture initiation appearing 
during the cross-die drawing operation for the DPIII steel. The DPIII FLC diagram presented 
above detects for both damage models (GTN and GTNBF) a fracture on the surface of the 
blank thanks to the extraction of the major and minor train values. Unfortunately, this diagram 
is not sufficient alone to accurately localize the fracture initiation area and must be coupled 
with optical observations. 
 
It is already known that the necking occurs at the end of the process (at 26 mm of punch 
displacement) around the corner of the inner surface of the blank as seen in Figure VIII.35c. 
Though, the leading goal is to compare the experimental necking localization with those 
obtained by the simulations. 
 
Figure VIII.47 illustrates the porosity f evolution of the blank during the simulated cross-die 
drawing process. The porosity variable extracted from the simulations is plotted on the Y-axis 
and the punch displacement is on the X-axis. The red solid curve represents the 
phenomenological GTN damage model implemented in Abaqus-explicit software. Thus, the 
blue solid curve is the porosity evolution given by the physically-based GTNBF damage 
model. Bearing in mind that in GTN model case, the ultimate value of the void volume 
fraction (VVF) when the material fails has been defined from the literature survey and 
experimentally determined with the measurement of the critical cavities distance (λf) for the 
GTNBF model case, the graphic also gives an appreciation of the fracture area (left; the GTN 
model and right; the GTNBF model). 
 
At first, the curve comparison depict that those damage models give different results. The 
cross-die drawing test simulated with the GTN model shows a fracture initiation occurring at 
around 19.5 mm of punch displacement whereas the same simulation with the GTNBF model 
failed later at around 22 mm (red elements on both pictures characterizes the fracture of the 
material). The second opposition lies on the fracture localization. Indeed, the fracture seems 
to initiate at the bottom edge of the final product with a GTN model while the failure is 
located around the corner with the GTNBF model. Comparing the final experimental product 
to the simulated one, it seems clear that the simulation with the GTNBF model is closer to the 
experimental observations. 
 
Chapter VIII          Applications 
~ VIII.40 ~ 
 
Figure VIII.47: Visualizations of the porosity f evolution in function of punch displacement at 
the fracture zone for the cross-die drawing test simulated with GTN (red curve) and GTNBF 
(blue curve) models for DPIII steel. The red elements characterize the fracture of the material. 
VIII.4 Conclusions  
 
This chapter has been dedicated to forming applications of the GTNBF model. Two tests 
often used by industrials have been chosen. The first one is the widely used uniaxial tensile 
test and the second one corresponds to the cross-die drawing test. Both have been equipped 
with the optical system ARAMIS for strain distribution measurement. The cross-die drawing 
test has been preferred to the hole expansion or cylindrical cut drawing tests because it 
provides a large range of triaxialities, an easy formability determination and the ranking of the 
materials. 
 
The literature survey on flat sheet forming validation usually proposes a simulation-
experiment correlation by using force-displacement curves evolution coupled with strain 
distributions. Few , damage-displacement evolutions are proposed when the DP steel is 
modeled with modified Lemaitre [NIA 2012], advanced GTN or more recently fracture [WIE 
2005], [Mohr 2010] predictions. Rarely proposed, the present applications simulated by 
GTNBF model have been focused on correlating simulation and experiment results by 
comparing different geometries, loadings and DP steel grades. It also has used a hybrid 
experimental-numerical determination of the loading history proposed by Mohr [MOH 2012] 
as seen hereafter. This procedure consists of analyzing the force-displacement given by the 
tensile device, stress-strain of the material (through the optical system ARAMIS), the FLC 
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Figure VIII.48: Hybrid experimental-numerical determination of the loading history [MOH 
2012]. 
In Figure VIII.43 and Figure VIII.45 loading paths to fracture initiation based on an accurate 
physically-based experimental damage evolution for DP steel is recovered. The fracture 
modeling proposed is based on inter-cavities distance (λ) measured by Landron [LAN 2011]. 
This criterion is simple to implement and to use as a post-processing tool. It takes into account 
all porosity evolution stages (growth, nucleation, and coalescence of voids). Unfortunately, 
this fracture criterion has a significant drawback. Indeed, the model has been validated for 
voids remaining spherical during the loading. The author is aware that significant advanced 
Gurson model extensions have been developed (see chapter III). For instance, the works of 
Nahshon et al. [NAH 2008], Nielsen et al. [NIE 2010], Bai et al. [BAI 2008], Bao et al. [BAO 
2004], and Wierzbicki et al. [WIE 2005] have contributed to improve the porosity evolution 
by adding a shear component coupled with forming limit curves for flat sheets. As a 
consequence, further experimental damage investigations with DP steel have taken place to 
integrate the porosity shear component in the GTNBF model. Despite the lack of damage 
information data in shear direction, the applications on tensile tests and cross-die drawing 
tests have been a promising success. In details, the tensile tests have revealed with all 
geometries that the strain distribution is homogeneous near the central region of the necking 
and heterogeneous in the neutral area of the fracture. As a complement of information, Niazi 
[NIA 2012] noted that the crack initiation has a strong dependency on the martensite 
orientation. Other comparisons with various notch radius designs underscored an influence on 
the triaxiality, the void growth and void density. An important step has been reached during 
the study. Indeed, the crack localization changes with the notch size. The fracture initiates at 
the bottom edge of the notch (with small radius) and migrates to the center of the necking 
when increasing the notch radius. In the aim to evaluate the GTNBF model potentialities, 
comparisons with the GTN model available in the commercial FE code Abaqus-Explicit have 
been realized. The GTNBF model matched better the experimental force-displacement curves 
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than the GTN model. As already presented in chapter III, the original Gurson extension 
integrates a phenomenological damage prediction, with no kinematic hardening law and an 
approximated void volume fraction evolution. Therefore, the GTN model has failed to give an 
accurate strain deformation value at the fracture zone. 
The second application using cross-die drawing test has been covered with success. Two DP 
steels have been compared using experiments and simulations. In addition, the GTN and 
GTNBF model responses have been analyzed. At first the forming test has been better 
modeled by using the GTNBF model. In fact, the comparison with the experiments has 
depicted a better force-displacement curve fitting with the current model and the fracture 
initiation was better predicted than the proposed Abaqus-Explicit model. Finally, the FLC 
diagram underlines the ranking of the DP steel. The DPI steel is more deformable, and softens 
very smoothly with a high level of plastic deformation. No crack has been revealed with this 
material at the end of the cross-die process. On the opposite, the DPIII steel has shown 
behaviour. The material is less deformable and reaches at higher stress compared to the DPI 
steel. The cross-die test performed with DPIII steel did not reach the process end, and some 
cracks have been observed with the experiment or the simulation. The crack localization 
provided with the GTNBF model has matched with the experiment. 
 
 
Chapter IX.  Conclusions     
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Damage contributions in GTNBF model  
 
The document has been focused on tracing the different mathematical models available to 
predict the DP steel mechanical behaviour. It can be separated in three parts; plasticity, 
damage and fracture modeling. 
Due to its micromechanical roots and to the explicit use of the void volume fraction as a state 
variable, the modified GTNB model developed by Ben Bettaieb [BEN 2011] has been chosen 
in the current research to introduce results from recent experimental X-ray tomography 
measurements. The new extension of the damage called GTNBF model is physically based on 
in-situ high resolution X-ray tomography technique (Landron et al.) [LAN 2011]. 
 The first contribution of this model is a new kinetic law of void nucleation predicting 
the evolution of the void density N . This model based on Bouaziz and Maire works 
[BOU 2008] [MAI 2008] integrates the backstress tensor and the triaxiality factor. The 
question of the form of the triaxiality factor has been investigated by proposing other 
definitions. 
 The second enhancement concerns the improvement of the growth model. The 
experimental contribution of Landron et al. [LAN 2011a] validates at different 
triaxiality states the Huang correction in the classical Rice & Tracey model [RIC 
1969]. After modifying the classical model, Landron introduced it in the previous 
Bouaziz's kinetic law used in the GTNBF model. The final evolution of the mean void 
radius R implemented in GTNBF model is defined by the Rice and Tracey model [RIC 
1969] modified by Bouaziz [BOU 2008], Maire [MAI 2008], and Huang [HUA 1991] 
to take into account nucleation and different void sizes. 
 The third enhancement is the coalescence stage. The apparition of the coalescence has 
been precisely observed and quantified by Landron. The modeling of this phenomenon 
used the original GTN model form for the coalescence but difference appears when 
determining the value of the critical and the ultimate porosity values. The critical void 
volume fraction value cf  has been provided by measuring the mean distance between 
two cavities ( ) provided by Landron [LAN 2012]. In this new approach, the cf  value 
is accurate and available for different DP steels. 
 
 
GTNBF model implementation in Abaqus-explicit 
 
The first step was the design of a FORTRAN link called VUMAT which connects the GTNB 
model (built in Lagamine implicit FE code built by Ben Bettaieb) to Abaqus-Explicit 
software. Beside this important step, the implementation of GTNBF model has taken place. 
Within the law integration scheme, the Jacobian matrix J  and its invert have been computed 
by taking into account the 
*f  function of the porosity f . This small modification in term of 
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quantity has a strong impact on the whole modeling. Indeed, the apparition of 
*f  has allowed 
to complete the ductile damage stages by including the physically-based nucleation, growth, 
and coalescence laws. Of course, the numerical work added the implementation of the new 
nucleation law from Landron [LAN 2011] and introduced a secondary physical fracture 
initiation criterion based on the distance between two cavities. 
 
GTNBF model validations 
 
As already predicted by many damage models, GTNBF model confirms that the triaxiality 
evolves when the notch dimension decreases and the fracture appears sooner when the notch 
radius is smaller. The responses of the GTNBF model have been validated by using an 
adapted mesh, designed to ensure an accurate extraction of average values over the same 
volumes/areas of observation as in the actual experiments. The predicted porosity evolution 
from Landron et al. [LAN 2011] is well validated up to a strain of 0.5. Furthermore, each of 
the two ingredients of the porosity evolution. The number of voids and their mean radius are 
in good agreement with the experimental evolutions, thus confirming the importance of this 
physically inspired description. For larger strain levels, the apparition of the coalescence 
weakens the physical meaning of these quantities and of the hypothesis of spherical voids. 
Consequently, a simple phenomenological description is adopted to describe the phenomenon. 
In addition to the average values used for the confrontation to experiments, the numerical 
simulation illustrated the heterogeneity of most variables, e.g., porosity and plastic strain 
whose maximum values, are located near the center of the specimen. This heterogeneity, 
which increases during the loading, exhibited little mesh sensitivity prior to the development 
of coalescence. Finally, a negligible influence of the back stress tensor on the mean stress 
through diverse simulations (tensile test, simple shear test) has been observed. In the opposite, 
a strong impact of this tensor variable on the equivalent stress has been noted and quantified. 
As a consequence, the damage occurs earlier and affects only the end of the stress-strain 
curve. At the end of the loading, the porosity (f) and the density of voids (N) seem to be the 
most sensitive variables to the definition of the equivalent stress. 
Next to these significant potentialities of the current ductile damage model, some limitations 
have been noticed. The first constraint concerns the lack of damage evolution in simple shear. 
Unfortunately, experimental evolutions of the porosity and the density of voids have not been 
performed during the PhD time framework. Consequently, the GTNBF model contains no 
contribution about this loading case. The second limitation is centered on the great number of 
material parameters to enter the model before running the simulation. Indeed, compared to 
existing GTN model present in Abaqus-Explicit, the user has to introduce and identify 21 
material parameters for the GTNBF model when the GTN model only needs 14. The last 
restriction is the small element size required to accurately analyze the strong heterogeneity of 
the distribution of the damage variables and the localization of the fracture initiation. 
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For all geometries, the uniaxial tensile tests have revealed that the strain distribution is 
homogeneous near the central region of the necking. Other comparisons with various notch 
radius designs underscored an influence of the triaxiality on the void growth and void density. 
Indeed, the crack localization changes with the notch size. The fracture initiates at the bottom 
edge of the notch (with small radius) and migrates to the center of the necking when 
increasing the notch radius. In the aim to evaluate the GTNBF model potentialities, 
comparison with the GTN model available in the commercial FE code Abaqus-Explicit has 
been performed. The GTNBF model results matched better the experimental curves than the 
GTN ones. The second application, the simulation of the cross-die drawing test has been 
covered with success. Two DP steels have been compared using the experiments and the 
simulations. In addition, the GTN and GTNBF models responses have been analyzed. The 
forming test has been better modeled by using the GTNBF model. In fact, the comparison 
with the experiments has depicted a better curves fitting with the current model and the 
fracture initiation was better predicted than the proposed Abaqus-Explicit model. Finally, the 
FLC diagram underlines the ranking of the DP steels. The DPI steel is more deformable, and 
softens very smoothly with a high level of plastic deformation. No crack happened with this 
material at the end of the cross-die process. On the contrary, the DPIII steel has shown a crack 
event. The material is less deformable and evolves at higher stress compared to the DPI steel. 
The cross-die test launched with DPIII steel did not reach the end the process, and some 
cracks have been observed both with the experiment and the simulation. The crack 
localization provided with the GTNBF model has matched the experiment. 
In summary, the physically based ductile damage model incorporates with success the effect 
of the kinematic hardening on nucleation, along with an improved evolution of the mean 
radius of the voids, inferred from X-ray diffraction tomography observations in dual-phase 
steels. The model is extended to include the coalescence stage coupled with a fracture 
criterion thanks to recent observations of fracture strains and microstructure of void 
populations in DP steels. The model has been validated with good agreement in tensile 
direction loading on various sample geometries in flat sheet steels as well as industrial 
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Unfortunately, limited by the PhD time framework, some improvements have not been taken 
into account to completely fulfill the industrial needs. During the present study it has been 
questions of void shape influence. The model assumes that the voids are and remain spherical 
during the growth stage. This assumption is true at low triaxiality factor but void growth 
observations at higher stress triaxiality [LAN 2011] [WEC 2008] have revealed that the voids 
are elongated, flattened or elliptic and look like needle when the fracture occurred. The stress 
triaxiality influence on ductile damage studied by McClintock [MCC 1968], Marini et al. 
[MAR 1985], Pardoen and Delannay [PAR 1998]... shows that an increasing triaxiality 
induces a significant increase of the void growth rate. The GTNBF model can be modified 
with a yield function taking into account the void shape effect by using the Gologanu, 
Leblond and Devaux model (GLD model) [GOL 1993]. Another possibility is to keep the 
GTNBF model assumption until the beginning of the coalescence stage. At this point, the 
GTN coalescence model based on critical porosity and acceleration factor can be replaced by 
a Thomason [THO 1990] or Pardoen [PAR 1998] coalescence models taking into account the 
void shape during the tensile plastic localization in the intervoid ligaments. 
 
The constitutive equations of the GTNBF model have pointed out that the porosity rate 
contribution is not well reflected during the simple shear test validation. It is well known that 
the GTN model does not describe the damage evolution in pure shear loading. However, 
quantitative data and observations [CRO 2002] for instance underlined that tangential residual 
stress appears at the interface of inclusion introducing local decohesion (ferrite/martensite). A 
further numerical work is to include the porosity shear rate sf  by modifying the GTNBF 
nucleation law [CRO 2002] or using the Lode angle parameter [LOD 1926] (see section 
IX.2.2). However, these extensions require accurate damage parameters obtained by a simple 
mechanical shear test or coupled with X-ray tomography measurement to count the number of 
cavities developed during the experiment. 
 
The current damage model predicts well the tensile loading. Literature review on sheet-
forming process has shown that a springback effect occurs when the flat sheet is removed 
from the tools. However, current kinematic hardening in GTNBF model was not optimized 
for springback prediction. A solution to accurately model the springback is to improve the 
hardening model by adding two backstress tensors (see section IX.2.1). 
The damage parameters from GTNBF model have been identified with respect to direct 
porosity measurements obtained by X-ray diffraction tomography located inside a studied 
spatial volume at the center of the specimen, of dimensions 0.3 x 0.3 x 0.3 mm³. Landron 
[LAN 2011] underlines that the damage parameters are sensitive to the tomography 
resolution. During the measurement, Landron has kept constant this spatial volume during the 
specimen axial deformation to facilitate the void counting. However, a question is still 
pending. Do these damage parameters remain constant if the spatial volume moves during the 
tensile test?  
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The following section presents with details two various research works started to enlarge the 
GTNBF model. Those future contributions are based on knowledge gained during this current 
research. The plasticity behaviour with two backstress tensor has been initiated by 
ArcelorMittal research while the shear damage contribution has been launched in University 
of Liège by Guzman et al. [GUZ 2013]. 
 
IX.2.1  Improvement of the hardening model 
 
In a recent experimental study Lemoine et al. [LEM 2011] suggested that a perfect agreement 
on stress-strain curve for cyclic tests on DPIII steel can be reached when using two backstress 
tensors as shown in Figure IX.1. The flow curves from the experimental test have been 
compared with a hardening model of Lemaitre-Chaboche [LEM 1992] comparable to 
Amstrong-Frederick model. In the graph LC 1X means the results of Lemaitre-Chaboche with 
one backstress and LC 2X the same law but with two backstress. 
 
 
Figure IX.1: For a DPIII, to represent correctly the reverse path, the Lemaitre-Chaboche 
model (LC) needs two back stress tensors (X) [LEM 2011]. 
 
The practical path will be to modify the kinematic hardening law (Armstrong-Frederick) 
[ARM 1966] from one backstress tensor to two backstress tensors for the GTNBF model. 
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Where 1 2,x xC C  and 1 2,sat satS S  are material parameters and 
p
eqv  is the equivalent plastic 
strain. 
The implementation of this modified hardening law has to be made with special care. Indeed, 
the components and the derivatives involved in the computation of the Jacobian matrix (J) 
have to be recalculated with the modified kinematic hardening law described above. This part 
of the work will cost time to verify each derivative in the FORTRAN program before 
launching a finite element simulation. 
 
IX.2.2  Improvement of the porosity evolution for vanishing triaxiality 
 
Porosity shear contribution through Lode Angle. 
 
The GTNBF model has shown good enhancement relative to the damage contributions. 
However, a major drawback has been identified. The numerical investigation of the present 
ductile damage prediction has underlined that the model does not behave well under shear 
dominated mechanisms. The main reasons are;  
 The porosity evolution does not include the damage due to shear. 
 The shape of the void remains spherical along the loading when they rotates and 
flatters in shear. 
 The void nucleation model has been only validated for tensile state. 
Many contributors have given some solutions to overcome this inconveniency by modifying 
the original Gurson model [GUR 1977]. The most used Gurson shear extensions were 
proposed by Xue [XUE 2008], Nahshon and Hutchinson [NAH 2008] and Nielsen and 
Tvergaard [NIE 2010]. The researchers introduced the damage shear mechanisms through the 
cavities law evolution written as: 
 
 g n sf f f f    (IX.2) 
 
, ,g n sf f f are respectively, the porosity evolution due to growth, nucleation and shear. 
Since a decade, 
sf  has been introduced thanks to the Lode angle parameter [LOD 1926]. It 
has been proven that this parameter is an interesting mean to characterize on the strain paths 
and the porosity evolution [ZHA 2001]. 
 




sf q f g  (IX.3) 
 
Where 4q  and 5q  are material parameters. f is the porosity, 
p
  is the macroscopic plastic 
strain rate, and 0g  is a function introducing the shear contribution through the Lode angle 
parameter. If 0g  is equal to 0, only the nucleation and the growth contribution are considered. 
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  (IX.6) 
 
Where  0w   is a function linking   and wk . wk  is a material parameter characterizing the 
shear damage intensity. 
 
     20 1w w      (IX.7) 
 
The porosity due to shear contribution introduced by Nielsen and Tvergaard [NIE 2010] is the 
same expression as above but the function  0w  is modified to make the shear contribution 
adapted for wear or strong triaxiality. 
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Where  depends on triaxiality factor  T . 
 
The first work of Guzman started in 2012 and still in progress [GUZ 2013] has been to choose 
and experimentally test different Lode angle definitions before integrating one of the 
previously presented porosity shear modeling into the GTNBF model. 
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Porosity shear contribution through void nucleation. 
 
Another approach to take into account the porosity shear rate sf  from Equation (IX.2) is to 
modify the GTN nucleation law from Chu & Needleman [CHU 1980] by introducing the 
volume fraction of porosity created by decohesion of second phase particles [CRO 2002]. sf  
















        
 (IX.9) 
 Where 
  sf : Potential nucleated microvoid void fraction in relation, for instance,  
  with the inclusion volume fraction. 
  s : Mean effective plastic strain of the matrix at maximum local decohesion
  sS : Gaussian standard deviation of the normal distribution of inclusions. 
  
p
eqv : Equivalent effective plastic strain in the matrix. 
  
p
eqv : Rate of equivalent effective plastic strain in the matrix. 
 
This phenomenological approach introduces the void nucleation evolution for shear state 
direction but the void growth evolution gf  is kept at zero at pure shear due to the trace of the 
plastic strain rate 
p
 (see equation below). 
 
    1 pgf f tr    (IX.10) 
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Appendix (A) Extensions to GTN model 
(A).1  Hardening functions 
Reference hardening relation Notice 
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The hardening is considered by the 
introduction of 1  and 2  Yield stress 
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The GLD model is extended 
heuristically to hardening by 
considering the dependence of q  on the 
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The equivalent stress takes into account 
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The yield stress takes into account the 
initial yield stress 0  and the stress 
issue form the isotropic hardening M  
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The kinematic hardening is considered 
in the expression of eq  and of H  
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The kinematic hardening is coupled 
with Hill yield function 
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Ragab & Saleh 
[RAG 2002] 
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(A).3  Visco-plasticity 
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Helbert et al. 
[HEL 1998] 
/   
titanium 
alloys 
/ pa a eqdN N Dd  
Where D  is a function of the triaxiality factor. In /   titanium alloys,  exp( )D E F T  seems to be well 
adapted to describe experimental results. 
account for the change in aN  with ( )
p pa
eq eq  , the following relationship is obtained: 
0 exp ( )
p pcr
eq eqN N D       




eq  reaches 
pcr
eq . 0N  is experimentally identified and remains constant and equals to 4 voids/mm
2
. The parameters E  and 
F  are defined in a table for the different titanium alloys 




et al [BEN 
2012] 
for the case 
of dual-phase 
steels 
This new law is empirically identified in the basis of some experimental results (tensile tests) and allows to 









   
Where A  is a constant equal to 5000 mm
-3
 and N  a critical deformation  representative of the nucleation phase. 
The same authors have clearly demonstrated that N  depends on the triaxiality factor by the following relation: 
0 exp( )N N T    
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Landron et al. 
[LAN 2011] 





Strong dependency between the density of voids, the backstress, and the triaxiality: 
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(A).5  Void growth 
 
Reference Void growth Relation 
Ragab  
[RAG 2002] 
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Where 1  and 1  are respectively the major principal strain and stress.   is equal to 
 23 / 2m eqq   . 
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Where   is the component of the plastic strain along the compressive axis. 
Zhang et al. 
[ZHA 2001] 
influence of the 
Lode parameter   
on the void growth 
law 
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Brown & Embury 
[BRO 1973] 
necking of the 
ligament 
The updated distance between the centers of neighboring voids is deduced from the local strain 1  
and the initial intervoid length 0cl : 
 0 1exp( )c cl l   
2 2
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Where max princ  is the value of maximal principal stress,   is relative void spacing (void diameter divided 
by void spacing) and S  is the void aspect ratio. In the initial version of the Thomason model, parameters 
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(A).7  Shear failure 
Reference Shear failure Relation 




growth under low 





























The numerical constant, k , sets the magnitude of the damage growth rate in pure shear states 
[Xue 2007] 
for simple shear and for 
small void volume 
fractions 


















rot eqv eqvdD q f d   
where q3= 3.39 and q4= 1/2 for 2D or q3= 3.72 and q4= 1/3 for 3D 
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(A).8  Evolution of a cavity around an inclusion 
 
(A).8.1 Tensile test of a HSLA sample 
 
 
Evolution of the necking area during the in-situ tensile test: a) just before the necking, b) at 
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(A).8.2 Shear test of a HSLA sample 
 
Evolution of a micro-crack during the in-situ shear test: a) shear area, b) micro-crack initiation 





Evolution of the nucleation and coalescence mechanisms during an in-situ shear test: a) 
Location of the studied inclusion, b) Decohesion mechanism in (line 1), c) Decohesion 
mechanism and Fracture of the inclusion in (line 1), d) Fragmentation mechanism in (line 2). 
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Appendix (B)  Calculations of anisotropy data and Jacobian 
(B).1 Hill and Pseudo invert Hill matrix 
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(B).2 Calculation of coefficient κ 
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(B).3  Jacobian matrix and derivates for the modified GTNBF model 
 
The components involved in the computation of the Jacobian matrix J (modifications in red 
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 The derivatives (modifications in red color) required to compute the consistent tangent 
matrix are: 
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Appendix (C) Void nucleation: 3D views 
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Appendix (D) Further results on tensile test samples 




Triaxiality Porosity f Void density
Equivalent mean 
void radius
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Heterogeneity on void volume fraction 
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(D).3  Tensile test isovalues on cylindrical notched specimen 
 
 
     
 
a) Isovalues of the stress (22); b) the triaxiality; c) The equivalent plastic strain porosity; d) the porosity f at maximum plastic strain close to unity 
(Lagamine). 
a b c d




A , B    Material constant 
b   Length 
cC    Critical value 
e
C    Elastic stiffness tensor 
,x satC S    Material parameters for Armstrong-Frederick law 
D    Damage parameter 
Deq   Equivalent cavity diameter 
E   Elastic Young's modulus 
F   Force 
pF    Yield function or surface 
 GurspF    Gurson yield function 
( )GTNpF    Gurson-Tvergaard-Needleman yield function 
f    Void volume fraction or porosity 
f    Total porosity evolution rate 
0f    Initial void volume fraction 
cf    Void volume fraction or porosity due to coalescence  
coalf    Void volume fraction or Porosity evolution due to coalescence rate 
ff    Porosity at final failure 
 *f f   Coalescence function 
*f    Effective porosity for the coalescence model 
gf    Void volume fraction due to growth stage 
gf    Porosity evolution rate due to growth 
nf    Void volume fraction due to nucleation stage 
Nf    Potential nucleated void fraction 
uf    Ultimate porosity value at the occurrence of ductile rupture 




   Pseudo-inverse of Hill’s anisotropy matrix 
kH    Proportionality factor related to the plastic modulus 
3J    Third invariant of the stress deviator 
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sk    Stress concentration factor 
l   Length 
L   Center to center average inter-cavities distance 
M    Effective stress operator 
n   Normal tensor 
N    Number of voids per unit volume 
0N    Initial number of voids per unit volume 
1 2,q q  and 3q   Damage parameters for GTN model 
0 45 90r ,  r ,  r   Lankford coefficients 
0R    Mean void radius 
iR0    Initial void Size nucleating at the beginning of the deformation 
R    Mean void radius 
inir    current radii of the minimum cross-section 
rnotch    Notch radius 
rsection   Minimal cross-section radius 
 rolling directionr   Normal anisotropy 
0S , S    Initial and the current surfaces of the necking section 
SN   Standard deviation 
t   Thickness 
T    Triaxiality 
BT    Triaxiality with back stress 
fV    Volume of voids 
vV    Void volume 
mV    Matrix volume 
X    Back stress tensor 
X    Back stress scalar 
X
    Deviatoric back-stress tensor 
X    Back stress tensor rate  
 
Greek 
H    Huang material constant 
0N    Critical strain for pure shear loading for nucleation model 
el    Elastic strain  
p
eqv    Equivalent plastic strain rate 
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p
eqv    Equivalent plastic strain 
N    Mean equivalent plastic strain for nucleation model 
axial    The average axial strain 
t    Thickness strain 
w    width strain 
    Total macroscopic strain tensor 
e
    Elastic strain tensor 
p
    Plastic strain tensor 
p
    Plastic strain rate tensor 
f    Strain at fracture in coalescence model 
    Benzerga plastic anisotropy 
0 , ,K n   Swift material parameters 
    Plastic multiplier 
    Mean distance between two cavities 
f    Ultimate average inter-cavities distance. 
ν   Poisson coefficient 
axial    The average stress calculation 
c    The critical shear stress 
   , eqv   Equivalent stress 
 =***  Shifted stress tensor 
   , eqv =*** Anisotropic equivalent shifted stress 
y    Yield stress scalar 
m    Mean normal stress 
m =***  Macroscopic mean shifted stress 

   Cauchy stress tensor 

    Deviatoric stress tensor 
, ,I II III     Principal stress 
max
I    Maximal principal stress 
C    Argon critical stress 
effec
    Effective stress tensor 
max    Maximum shear in fracture model or Tresca yield surface 
F    Critical shear value in fracture model 




2D   Two-Dimension 
3D   Three-Dimension 
AHSS   Advanced High Strength Steels 
BH   Bake Hardenable 
CP   Complex Phase 
CR   Cold Rolling 
DIC   Digital Image Correlation 
DP   Dual Phase 
FB   Ferritic Bainitic 
FE code  Finite Element code 
FFLD   Fracture Forming Limit Diagram 
FLC   Forming Limit curve 
FLD   Forming Limit Diagram  
FORTRAN  FORmula TRANslating 
GLD   Gologanu-Leblond-Devaux model 
GTN   Gurson-Tvergaad-Needleman model 
GTNB   Gurson-Tvergaard-Needleman-Ben Bettaieb 
GTNBF  Gurson-Tvergaard-Needleman-Ben Bettaieb-Fansi 
Gur3DANI  Gurson 3D ANIsotropy 
HF   Hot Formed 
HR   Hot Rolling 
HSLA   High-Strength Low-Alloy 
IBM   International Business Machines corporation 
IF   Interstitial Free 
INSA   Institut National des Sciences Appliquées 
Mild   Mild steel 
MS or MART  Martensitic 
PhD   Doctor of Philosophy 
SEM   Scanning Electron Microscope 
SF   Stretch-Flangeable 
TEM   Transmission Electron Microscope 
TRIP   Transformation Induced Plasticity 
TWIP   Twinnin-Induced Plasticity 
UMAT  User MATerial 
UTS   Ultimate tensile strength 
VUMAT  Velocity User MATerial 
Y.S   Yield Strength 
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PREDICTION PAR ELEMENTS FINIS DE LA RUPTURE DES ACIERS 
DUAL_PHASE EN UTILISANT UN MODELE DE GURSON AVANCE 
RESUME : L'actuelle investigation numérique du Gurson-Tvergaard-Needleman (GTN) modèle 
avancé est une extension du travail de Ben Bettaieb et al. (2011). Le modèle a été implémenté 
à l'aide d'une sous routine (VUMAT) contenu dans le code commerciale d'éléments finis 
Abaqus/explicit. Le modèle d'endommagement améliore l'original en intégrant les trois 
mécanismes d'endommagement, la nucléation, la croissance, et la coalescence des cavités. Le 
modèle d'endommagement intègre les lois de nucléation et de croissance basés sur les 
phénomènes purement physiques. Ces nouvelles contributions incluant l'influence de 
l'écrouissage cinématique, ont été validées par les résultats de mesures expérimentales de 
tomographie à rayon X à haute résolution. Aussi, l'implémentation numérique de l'écrouissage 
cinématique dans le modèle modifié a contraint de proposer et de réarranger la définition de la 
triaxialité que l'on trouve habituellement dans la littérature. A coté de cela, un second critère 
d'initiation à la rupture basé sur l'ultime distance inter-cavités a été inclue afin de localiser et de 
quantifier avec plus de précision la distribution des déformations peu avant que le matériau ne 
casse complètement. L'actuel modèle d'endommagement a été appliqué dans des conditions 
industrielles pour prédire l'évolution de l'endommagement, l'état de contraintes, et l'initiation à la 
rupture pour différentes géométries de tôles et sur des essais d'emboutissage de tôles minces. 
 
Mots clés : Endommagement, GTN modèle, Nucléation, Croissance, Coalescence, Aciers 
DP, Tomographie, Initiation à la rupture. 
 
 
PREDITION OF DP STEEL FRACTURE BY FEM SIMULATIONS USING AN 
ADVANCED GURSON MODEL 
ABSTRACT: This numerical investigation of an advanced Gurson–Tvergaard–Needleman 
(GTN) model is an extension of the original work of Ben Bettaieb et al. (2011). The model has 
been implemented as a user-defined material model subroutine (VUMAT) in the Abaqus/explicit 
FE code. The current damage model extends the previous version by integrating the three 
damage mechanisms: nucleation, growth and coalescence of voids. Physically based void 
nucleation and growth laws are considered, including an effect of the kinematic hardening. 
These new contributions are based and validated on experimental results provided by high-
resolution X-ray absorption tomography measurements. Also, the numerical implementation of 
the kinematic hardening in this damage extension has obliged to readapt the classical triaxiality 
definition. Besides, a secondary fracture initiation criterion based on the ultimate average inter-
cavities distance has been integrated to localize and quantify with good accuracy the strain 
distribution just before the material fails apart. The current damage model is applied in industrial 
conditions to predict the damage evolution, the stress state and the fracture initiation in various 
tensile thin flat sheet geometries and the cross-die drawing tests. 
 
Keywords : Damage, GTN model, Nucleation, Growth, Coalescence, DP steel, Tomography, 
Fracture initiation. 
